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1. General introduction

In recent years there have been increasing demands for trace element
analysis of geological materials of all kinds, such as minerals, rocks, ores,
sediments, soils, natural waters, and extraterrestrial materials. Knowledge
about trace element concentrations in geological materials is important to
numerous scientific fields. One important field of application is
geochemistry, in which development to a large degree has been
conditioned by the capabilities of the analytical methods available.
Geochemistry has primanly been concerned with elucidating the behaviour
of the chemical elements in natural processes such as melting and
crystallisation occurring in the earth and in extraterrestrial bodies. The
collection of data on the abundance of elements in various rock types is
therefore fundamental to the development of theories of distribution and
migration and can provide clues about the nature of the physical and
chemical environment of the rock throughout its geological history. For
many purposes the study of trace elements is more rewarding than that of
major and minor elements. This is due to the fact that trace element
concentrations are so low that very large changes in absolute
concentrations are possible, thereby making them potentially more
sensitive monitors of change than the major and minor elements.

In biological tissue a trace element is considered to be an element with an
abundance of less than 10 parts per million (ppm). In a similar manner, a
trace element in geochemistry is sometimes defined as being an element
with an average abundance in the earth's cnist of less than 0.1 %wt. Such a
definition, however, means that some elements, such as calcium and iron
can never be regarded as trace elements in an analysed sample. Then it is
preferrable to regard all elements present in a sample at concentrations
below 0.1 %wt as trace elements.

The number of instrumental techniques that are available today for trace
element analysis have increased tremendously during the last two decades,
making the choice of instrumental method for solving a geochemical
problem more difficult. The selection of an appropiate analytical technique
is dictated by many factors. The different techniques differ widely in their
sensitivity, sample volume, precision, accuracy, ease of operation, speed,
availability and cost. Compromises among these factors are largely
determined by the purpose for which the data are to be used and to some
extent by the nature of the sample. In this context it should not be
forgotten that the final results and conclusions can not be of higher
reliability and quality than the sample itself. If the geologist has not
collected a sample that is truly representative of the outcrop or geological



unit of interest, then even the best analytical work will give data that are
open to misinterpretation

In the present introduction to trace element analysis of geological materials
both established and relatively new techniques and their relation will be
discussed. Trace element analysis in this context will include both bulk
analysis techniques i.e. methods which need more than a single mineral
grain for the analysis, and microanalytical methods i.e. methods that can
be used for analysis of a single mineral grain or even inclusions and zoning
patterns inside the grain. It should be noted that the list of methods
presented here is not intended to be a complete review of the field, but
rather a presentation of some of the most established and commonly used
instrumental methods today for analysing geological specimens.

The development of new instrumental techniques for analysis has often
relied on technological advances in the field of solid state physics being
the basis for several types of extensively employed solid state detectors.
Another decisive factor has been the development of powerful computers
which are widely used in these new instrumental techniques. To appreciate
and realize the advantages of the new instrumental techniques developing
today, e.g. the nuclear microprobe, especially in regards to productivity
and capabilities of multi-element detection and spatially resolved analysis,
a retrospect of the progress from the classical wet chemical techniques
used since the early days of geochemistry to the highly computerized
instrumental methods can hardly be avoided.

1.1 Historical background

The chemical analysis of minerals and ores has been of great interest for
workers in analytical chemistry since the eighteenth century. As a further
development of the analysis of minerals, and closely associated to it, came
the analysis of rocks which are complex mixtures of different minerals.
This resulted early in a development of a systematic analytical scheme
which was continuously modified in the light of the increasing knowledge
of the principles of analytical chemistry and the development of new and
improved laboratory facilities.

The history of analytical chemistry and geochemistry can scarcely be
passed without mentioning the famous Swedish chemists Jöns Jacob
Berzelius and Carl Wilhelm Scheele for their important basic
contributions. Based on this pioneer work in chemistry, the principles of
classical analysis of rocks and minerals were laid down during the first



decades of this century in two classical treatises by Washington (1918,
1932) and I lillebrand (1919). These schemes of analysis were mainly
gravimetric i.e. they relied only on the analytical balance for all
measurements. Therefore, determinations could not be undertaken until
extensive chemical manipulations of the sample had been performed to
quantitatively isolate individual compounds. This demanded that the
analyst had a high level of skillfulness and experience. Therefore, when
instrumental techniques requiring a moderate knowledge of analytical
chemistry were introduced this led to some controversy. An apparent
drawback of the classical techniques was the low speed with which an
analysis of several elements was carried out, therefore various so-called
"rapid" methods and analytical schemes were developed during the 1940's
and 1950's. These techniques included element-specific complexometric
titrations and photometry.

Until the 1950's the analysis of samples was concentrated to different
kinds of classical wet chemical methods such as gravimetry, titrimetry and
colorimetry. The development of the analysis of radiation emitted by
excited atoms, and emission spectrochemical analysis continued and
during the 1930's it became a quantitative tool. This method dominated the
routine instrumental analysis of trace elements in geological materials for
several decades before other fully quantitative methods such as atomic
absorption spectrometry (AAS) and X-ray fluorescence (XRF) were
introduced.

Through the introduction of AAS in the early 1960's geochemical
exploration was revolutionized. Rapid, low cost, sensitive measurements
of more than 30 metals in a variety of samples assured the universal
acceptance of AAS in geochemical exploration laboratories. The XRF
instrument was introduced commercially as early as 1948 but at this time it
was not regarded as a trace element method. The elemental sensitivity was
only about 0.1 %wt. Further development of the technique has however
made it an extensively employed trace element method. Another important
technique, mass spectrometry (MS), based on measuring the isotopic
masses of the elements was introduced during the 1950's. Since then it has
found extensive use especially in geochronology.

What the previously mentioned techniques have in common besides XRF,
is that these methods generally need a sample that is in a solution. If a
solid sample is to be analysed it implies that it is necessary to attack the
sample by different methods for decomposition. These procedures increase
the risk for sample contamination considerably and furthermore they can
be rather time consuming. In addition, by employing such a method the



spatial information in the specimen is very difficult to maintain. These
methods are therefore mainly applied to whole rock analysis.

The breakthrough for studies of single mineral grains: mineralogy, came in
1958 with the introduction of the electron microprobe (EMP). With the
introduction of this instrument it became possible to study both inter and
intra-mtneral gram structures on a micrometer scale. The importance of
this instrument to mineral research can probably not be exaggerated. The
introduction and availability of the instrument has probably had as great an
effect on the geological sciences as the petrological microscope had in the
nineteenth century. This was the first microanalytical instrument of several
to come

The next breakthrough was the introduction of high resolution solid state
detectors in the early 1970's for X-ray and gamma-ray spectroscopy.
These detectors enabled energy dispersive analysis i.e. simultaneous
detection of, in principle, all elements in a sample. Based on these
detectors trace element techniques such as instrumental neutron activation
analysis (INAA), particle induced X-ray emission (PIXE), and synchrotron
X-ray fluorescence (SXRF) were developed. Furthermore, the electron
microprobe received the option of energy dispersive X-ray analysis
(EDX). During this decade the development of ion beam analysis (1BA)
techniques flourished. The strong development of IBA was also partly
facilitated through the many small accelerators which were earlier
employed for nuclear physics studies and now became available for IBA
studies. The neutron activation analysis had been known for a few
decades, but through t.ie development of high resolution Ge-detectors the
technique became very attractive for bulk trace element analysis. It is still
one of the most employed instrumental techniques among geologists.

In the 1980's several of these techniques developed into very useful trace
element techniques. The 1980's also became the decade of micro-analysis.
The PIXE technique led to the development of a microprobe technique, by
focussing the ion beam down to a few micrometers. Today, this
microprobe technique is known as the nuclear microprobe (NMP).
Progress in focussing beams of X-rays from a synchrotron accelerator
enabled the development of a microprobe based on X-ray fluorescence.
The progress in laser physics also enabled a micro-analytical instrument
based on lasers such as the laser microprobe to be developed.

The mass spectrometry technique moved into a new era through the
introduction of ICP-MS (inductively coupled plasma-mass spectrometry).
ICP-MS is a bulk method but however, the needed sample volume is in the
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range of 0.1 g. which almost classifies it as a micro-analytical technique.
More recently this instrument has been combined with a laser, which is
used as a probe (laser ablation 1CP-MS). With this technique a true micro-
analytical instrument with a micrometer resolution can be obtained. Other
highly isotope sensitive techniques with varying advantages and
weaknesses recently developed, are secondary ion mass spectrometry
(SIMS) also known as the ion microprobe (IMP), and accelerator mass
spectrometry (AMS). A disadvantage with several of the new instrumental
techniques is however the high costs of installation and maintenance in
comparison to old, well established techniques, making several of the
techniques available to only national or even international facilities.

A review of the field of geological applications involving trace elements
shows that instrumental neutron activation analysis is the dominating tool
for the geochemist today, but also that other old, well established methods
such as atomic absorption spectrometry and X-ray fluorescence still are
extensively employed. It should also be noted that very few standard
instrumental methods reveal any chemical information such as the
oxidation state of the iron atoms present in a sample. Additional
information not easily obtained with modem instrumental techniques, but
still highly relevant, is the water and the carbon dioxide content in a
specimen. Therefore, classical photometric and gravimetric methods are
still extensively employed as a complement to the modern instruments.



2. Trace element analysis of geological materials

2.1 Why trace element analysis in geochemistry?

The earth's cnist consists to 99 %wt of oxygen, silicon, aluminium, iron,
calcium, sodium, magnesium, and potassium: all with an abundance of at
least 1 %wt each. Only oxygen makes up about half the crust by weight. In
the range 0.1-1 %wt there are four elements: titanium, hydrogen,
phosphorous and manganese: the remaining 80 elements being trace
elements using that assumption that a trace element is defined as an
element with an abundance below 0.1 %wt. From this it is evident that
there is a great need to study trace elements: it would be very strange if
there was not any additional information about geochemical processes in
these 80 elements! Together, the trace elements make up less than 0.5
%wt, and these include elements which are essential to our industrial
civilization and perhaps above all, to life on earth.

From chemical elements minerals are formed and from them rocks.
Oxygen, silicon, and aluminium collectively make up 90 % of the atoms in
the crust. From this it is apparent that the dominant minerals are silicates
and aluminosilicates. In total, the crust contains more than 3000 different
minerals, most of which are very rare. The major part of these minerals is
considered to be ionic compounds, thus the structures of the minerals are
largely determined by the size and charge of the ions entering into the
composition.

A mineral is the final product of a crystallisation process controlled by the
temperature, the pressure, and the bulk composition in a specific
environment. The characteristics of the mineral, its geological
environment, and its major, minor, and trace element content are ali clues,
that when properly evaluated, elucidate the conditions under which the
mineral has been formed and its subsequent history. The major elements
are strongly affected by the laws of chemistry for electrical and
geometrical stability in forming minerals while the trace elements, because
of their low concentration, are allowed to vary considerably. This make
the trace elements potentially more sensitive monitors of change. Trace
elements are often found in the essential minerals as a substitute for a
major element in a crystal site or just filling up an empty space in a crystal
structure, but can also be found in rather high concentrations in some
accessorv minerals.
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} ' The applications of studying trace elements are too numerous to be
discussed in gre?.»er detail here, but a few general applications deserve to
be mentioned

One extensively used application is the use of radioactive trace elements
for age-dating of minerals and rocks through, in principle, measuring the
isotopic composition and concentration.The age can then be calculated
from the laws of radioactive decay. The major part of the useful radiogenic
isotopes of the elements are however usually found at very low
abundances thus highly isotope sensitive techniques are required. Some
widely employed geochronometers are potassium-40/argon-40, argon-
40/argon-39, samarium- 147/neodynium-l 43, rubidium-87/strontium-87
uranium-238/lead-206, and uranium-235/lead-207.

Another group of elements which is extensively used in various kinds of
investigations are rare earth elements (REE). These elements are almost
always found at trace levels in minerals and they are all present in varying
concentrations. Since a progressive variation in the ionic radius can be
observed when going from light to heavy REEs, the elements become
segregated in different minerals i.e some minerals are enriched in light
REE others in heavy REE depending on the ionic radius. Most of the
REEs are present as trivalent ions except europium, which can also be
found as divalent depending on the conditions. At oxidizing conditions
europium is trivalent but at reducing conditions it occures as a divalent ion,
which has a greater ionic radius as well as a different ionic charge. From
the observed REE distributions in igneous rocks one can deduce which
minerals have been involved in partial melting or fractional crystallization
processes. The presence or absence of an europium anomaly particularly

* indicate the role of the plagioclases, and may give information on the
conditions in the magmatic source region.

in petrology and geochemistry the mechanisms of crystal growth and
transport diffusion involved in magmatic, metamorphic and metasomatic
processes are studied. By utilizing the information on the trace elements in
studying thermodynamical processes and diffusion processes, very simple
relationships can sometimes be found due to a reduced dependence on the
structural laws for trace elements in contrast to major elements, which also
control the presence of the mineral studied. For example, in pressure and
temperature studies new geobarometers and geothermometers can be
found among the trace elements with different temperature and pressure
dependences than those of the major elements currently being used. By
calculating diffusion coefficients from the trace element distributions
across zoning patterns in minerals, new information about cooling rates of



lor example, meteorites can be obtained. Research in extraterrestrial
materials has always been of high interest even if the material is very
limited, since this kind of material holds information about the earliest
history' of planets and their accretion in the primordial solar nebula.

Finally, one of the most important fields of application for all this
knowledge is perhaps geochemical exploration where, for example, some
more easily determined or more mobile trace elements can then be used as
path finder elements for ultra trace elements such as precious metals.

2.2. Methods for trace element analysis

Typically old methods used in trace element analysis are based on "wet
chemistry". These methods usually involve several steps of chemical pre-
treatment of the originally collected sample before it can be analysed. An
obvious risk in this context is the problem of elemental losses and
contamination. Several of the highly sensitive methods available today
need a sample in the form of a solution. The needed amount of chemical
pretreatment is however generally much less than was used in the old
techniques of transferring a solid rock into a solution. For samples being in
a solution from the beginning, these techniques of course work excellently.

The methods available for trace element analysis can roughly be divided
into single element methods and multi-element methods, where the latter
group is typical for several of the newly developed instrumental methods.
For single element analysis it is often required that the element in question
is extraced from the sample solution by different chemical techniques.
These techniques are sometimes also used by other instrumental methods
to detect elements on an ultra-trace level. Therefore, before going into
detail on the description of the methods for analysis a general presentation
of some methods for sample preparation of geological rock materials will
now be presented.

2.2.1 Sample preparation and ore-concentration methods for rock analysis

2.2.1.1 Physical methods

1 he first step after collecting a rock sample is to apply some type of
physical pre-treatment to form a sample that is suitable for the intended
method of analysis. Although a procedure to reduce the size of the rock
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sample to a small size usually has to be earned out, there is very little
agreement about the sequence of steps that should be followed.

Often, polished thin sections are prepared from the sample for optical
examination at the same time as a part of the sample is reduced to a small
particle size. The preparation of thin sections, typically a rock slice of 30 -
40 jim glued to a glass backing, involves a few steps of cutting and
polishing the sample surface to a micrometer roughness. The final step of
polishing is often done with some kind of a paste. Since these thin sections
also can be analysed with microanalytical techniques such as the electron
microprobe and the nuclear microprobe the choice of paste can be critical.
For X-ray analysis the choice is usually diamond paste, since carbon can
generally not be detected.

The procedure to reduce a rock sample to very fine particles generally
includes crushing with a heavy hammer, a jaw crusher, or something
similar, then sieving and grinding it into a mortar until the particles reach
the desired size. From this fraction further chemical treatment can be done
if necessary.

It can sometimes be useful to separate one type of mineral from the other
minerals, which constitute the rock for analysis. Since most minerals differ
in their magnetic suceptibilities, magnetic methods of separation are
usually quite efficient. The density of a mineral is another property that is
extensively utilized for mineral separation through the use of high density
liquids. Panning is another well known method for separating heavy
minerals from lighter minerals.

The sampling procedures such as collecting samples and selecting a
representative sample from the rock powder will not be ftirther discussed,
even if these procedures probably are crucial to the reliability of the final
results.

2.2.1.2 Chemical methods

The purpose of chemical methods is mainly to decompose the rock into a
solution, but it can also be employed as a tool for extracting trace
elements, or very special elements in a certain phase of a mineral for
analysis. There exists no universal method that can dissolve all materials,
but for decomposition of a geological sample a couple of general methods
are available: conventional acid decomposition, fusion, and more recently
high pressure acid decomposition by micro waves.
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Several minerals are soluble in inorganic acids. A few commonly
employed acids are hydrofluoric ?cid (HF), hydrochloric (HC1), nitric
(HNO3), sulphuric acid (H2SO4J or a combination of these acids. A
problem with acids is their rather low boiling point, which can make the
decomposition less efficient. By using fusion on the other hand, higher
temperatures can be attained. The fusion technique relies on chemical and
thermal energy to break up the original mineral phases and convert them
into different solid forms which are more easily dissolved by water or
acids. Fusion is often used to decompose samples containing refractory
minerals that resist acid treatment. Unlike sample decomposition by acid
or fusion, microwave decomposition makes use of electromagnetic
radiation to generate heat. Through the use of microwaves for heating, the
time needed for decomposition can be reduced to several minutes instead
of hours or even days. A potential problem with these techniques however,
is the addition of acids or flux to the sample, which can contaminate the
sample by unexpected elements in the additives.

Several of the methods used in elemental analysis require that the element
of interest is isolated from the rock solution in order to perform a reliable
analysis. Sometimes it can be necessary to preconcentrate the element. In
such cases, techniques such as ion exchange, solvent extraction, or
chromatographic methods can be employed. To reduce the risks of
contamination generally as few steps of chemical pretreatment as possible
should be used. On the other hand, in radiochemical neutron activation
analysis the chemical treatment can be carried out after activation of the
sample. This will reduce the contamination risk considerably since only
the radioactive isotopes are of importance in the measurements.

2.2.2 Instrumental trace element methods

To select only one and the best method for solving a certain geochemical
problem is almost impossible, since there is no method that is a panacea.
Thus often a number of methods with their various advantages and
disadvantages have to be utilized to get as complete an understanding of
the geochemical problem as possible. Apart from the complementarity of
the information acquired, a degree of cross checking of the information is
desireable, such as elemental concentrations, to control the reliability of
the data since no method is better than the analyst behind it!

In selecting a trace element method one of the first questions to consider is
if the sample is a solid or a solution. Samples being in a solution often can



be transformed into a solid and vice versa by chemical pre-treatment.
However, these transformations should generally be avoided because of
the risk of contamination and elemental losses. Generally, the best method
for the sample in question is the one requiring a minimum of sample pre-
treatment. Another feature of the method that is necessary to consider, is if
the sample is allowed to be damaged or consumed. If not, the list of
available analytical methods will be limited to the non-destructive
methods. If there is a need ofinformation on also the different isotopes of
an element, such as for isotope dating of rocks, the available methods are
usually limited to mass-spectrometrical methods, which, however,
inherently are destructive.

The amount of samples, and the number and type of elements in each
sample to be analysed, is of high importance since the versatility,
elemental sensitivities, and sample through-put varies considerably among
different methods. If the geochemical problem is of a microanalytical
character the time needed for analysis is generally longer than for
corresponding bulk analysis.

If the analysis is required to be either quantitative or qualitative this can be
of some importance. Especially when an area of a sample is to be mapped
problems can rise from, for example, a varying detector efficiency. In such
a case a quantitative analysis can be both much more difficult and time
consuming. In some cases the analytical problem can be resolved by
confinning the presence of an element or its distribution. However, even if
the instrumental method solving the analytical problem in the easiest and
most efficient manner is the most appropriate method, in practise, the
availability of the different methods tend to be the determining factor.

When comparing detection limits of different methods caution must be
used, since different definitions exist. It can also be confusing and difficult
to compare methods requiring solid samples to those utilizing dissolved
samples.

The number of instrumental methods that exist that are specially developed
for solving a certain type of problem are too numerous to be mentioned let
alone be discussed in greater detail. The purpose of the following
presentation of instrumental methods is to give a perspective of the nuclear
microprobe and its potential in the analysis of geological specimens. The
presentation wili mainly include those methods that are most commonly
employed by geologists today for trace element analysis.
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2 2 2 1 Atomic Absorption Spectrometrv (AAS)

The impact of the development of atomic absorption spectrometry on the
field of trace element analysis has been of major importance since the
1950's. The continued interest in AAS has been partly due to the robust
nature of the instrumentation, the huge body of litterature, ease of
operation, and the high sensitivity.

Principle

The method of atomic absorption is based on the phenomenon of
absorption of radiant energy at characteristic wavelengths by ground-state
atoms being in a gaseous state. When gaseous atoms are produced from a
sample solution introduced to for example a flame the atoms are not only
produced in the ground state but they can also be produced in exited
states. The distribution of atoms among the various electronic states at
equilibrium at a temperature (T) can be calculated from the Bolzmann
equation. However, in many cases the excited states are sufficiently high
above the ground state that almost all atoms are in the ground state at
temperatures of about 2000-3000 °C, which is the temperature found in
the flame of an AAS instrument. In principle the energy gap between the
ground state and the excited states in an atom is directly related to the
sensitivity for an element. The Bolzmann equation shows that the
proportion of atoms being in an excited state is higher when the transition
energy involved is lower (the number of atoms absorbing energy will be
higher). The basis for this method is that when a given element is
introduced to the flame, the absorption of energy from a light source
penetrating the flame is related to the number of atoms in the sample (the
elemental concentration).

Instrumentation

The AAS measurement of absorption of energy from atoms in a sample
usually requires three devices: a light source, a sample cell and a detector
for measuring the remaining light after passing through the sample cell.
The most commonly employed light source is the hollow cathode lamp
containing the element to be determined which gives a characteristic line
spectrum of the element in the cathode. To eliminate light emitted in the
sample cell the light source is often pulsed.

The sample cell can be of several types depending on the application. A
few established types are: flame, graphite furnace, heated quartz cell, or a
cold vapor system The standard equipment is a flame but a disadvantage
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with this technique is an inherently low efficiency due to factors such as; a
required solution dilution, short time in the optical path, and 90 % of the
sample being waste. Therefore other techniques have been developed to
increase the efficiency and thereby the sensitivity. In the graphite furnace
technique the time for the atoms in the optical path is increased
considerably and therefore the elemental detection limits are improved by
one or two orders of magnitude.

The remaining light after passage of the sample cell is usually detected
with a monochromator-photomultiplier system. Since the light source
contains only the element to be measured a monochromator of moderate
resolution is appropriate to select one of the characteristic lines from the
element in the light source. On the other hand, if a continuous light source
had been used, a monochromator, with an extremely high resolution,
would have been required.

Sample requirements

In the most simple design, the samples have to be in a solution and often
separated from other potentially interfering elements. The absorption in the
sample cell is then compared with standard solutions to obtain the
concentration of the element in question. The requirement that the sample
is in the form of a solution can also be an advantage since rapid partial
dissolution techniques can be employed, which often give more
information than the total elemental concentration. The introduction of
solid samples is at present an active area of research and development.
The analysis of solid samples through electrothermal atomization AAS
after introducing them in the form of slurries has been sucessful for a
number of elements and matrices. However, a major problem is the
abundance of spectral and non-spectral interferences both from the matrix
and from chemical reactions taking place in the sample cell that can be
very matrix dependent.

A dvantages-disadvemtages

An apparent disadvantage of the method is that only one element at a time
can be analysed. However, effort has been put into extending it to several
elements, to be able to compete with the method presented below; ICP-
AES. The elemental sensitivity is very high and when a graphite furnace is
used uhra trace levels can be obtained. Other advantages are; the robust
nature of the instrumentation, low capital cost, and ease of operation (the
need of training of the operator is low).



In the beginning AAS was thought to be almost interference free, but at
present a number of sources to interference have been identified
originating from matrix, background, ionisation, spectral and chemical
interferences. The effects of interferences can be observed as an increase
or decrease of the signal from the instrument. Several of the interferences
can be remedied by using the standard addition method, and using similar
matrices for standard and unknown. By employing different separation
methods, as previously discussed, other types of interferences can also be
reduced.

2.2.2.2 Inductively Coupled Plasma Atomic Emission Spectrometry
(ICP-AES)

Optical emission spectrometry is a well established method that has been
in routine use since the 1930's. In the 1960's it was demonstrated that by
viewing the appropriate region in an argon plasma tail-flame, emission
lines from elements could be measured against a very low background.
From this discovery the ICP-AES technique was developed and in 1975
the first commercial instrument bee me available.

Principle

In atomic absorption spectrometry the free atoms produced in the flame
are found in their ground states to be excited mainly by the light source. In
ICP-AES the atoms are excited by a considerably higher temperature,
about 10 000 °C, attained by a plasma. At this high temperature the atoms
in the sample solution are found in their excited or ionised states. In the
deexcitation process when an electron undergoes a transition to the ground
state or any other lower state, the difference in energy is emitted in the
form of a photon. The energy (wavelength) of this photon is characteristic
for the element in question. The number of different wavelengths produced
from an element is directly related to the number of electrons which
surround the nucleus and to the temperature of the excitation source. Every
element, therefore, will produce a characteristic set of discrete emission
wavelengths with varying relative intensities. Thus a heavy element can
show more than 1000 characteristic lines. By measuring the intensity of a
characteristic emission line from an element, and comparing it to
measurements on a standard, the amout of the element in question can be
calculated. The range of wavelengths used in AES ranges from UV to near
IR.
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Instrumentation

The instrument consists essentially of three parts: a device for generating a
plasma, a system for injection of the sample solution, and a light detection
system. A plasma can be generated in different ways, the most common
being inductively coupled plasma. The inductively coupled plasma torch is
a special type of plasma that derives its sustaining power by induction
from a high-frequency magnetic field. The plasma, actually a partially
ionised gas, is formed electromagnetically by radio frequency induction
coupling of argon gas. The torch usually consists of three concentric tubes
of quartz which is surrounded by a copper induction coil and connected to
a high frequency current generator. To form and sustain a stable plasma at
the open end of the quartz, tubes a pattern of two or three argon flows are
needed. The plasma has three discrete regions; the fireball, the secondary
region, and the tail flame. Each of these regions have very different
physical, chemical and emission characteristics. In the tail flame of the
plasma where the temperature has dropped to about 6000 °C, the emission
spectrum of the sample is measured. The sample, most commonly in the
form of an aerosol generated from a solution of the sample by some kind
of nebulization technique, is injected into the plasma by another argon gas
flow. Before reaching the plasma the spray of small droplets has to pass
through a spray chamber, where droplets larger than 10 \m\ are removed.
The reason for this is that the larger droplets are not always completely
dissociated in the plasma and can therefore contribute with noise to the
emission signal. The relative high gas consumption of conventional plasma
torches provides the main consumable cost of the system, usually
necessitating installation of a liquid argon supply.

In contrast to AAS the outstanding advantage of ICP-AES is that the
instrument can be designed with direct reader spectrometres that permit
simultaneous multi-element determination. The number of elements that
can be measured simultaneously is essentially limited by the number of
exit slits and detector assemblies (photomultipliers) that can be linked to
the monochromator system. Between 20 and 60 such systems are rather
common. Alternatively, a scanning monochromator can be employed for
sequential recording of the elements.

Sample requirements

ICP-AES is primarily a solution technique. But development of methods
for using solid samples such as laser ablation, slurry nebulization or direct
powder introduction is in progress. An interesting development is the laser
ablation technique, which uses a laser beam for "producing" the sample



from a solid specimen By focussing the laser beam a nucroprobe can be
obtained.

In contrast to AAS chemical interference effects in 1CP-AES are very
small due to the efficient atomisation in the high temperature plasma.
However, the coincidence or overlap of emission lines from atoms and
ions remains a serious analytical problem. Several of the interferences can,
however, be avoided by using chemical separation techniques in the
sample decomposition.

Advantages-disadvantages

One of the greatest strengths of the method is its ability to produce
multielement linear responses over calibration ranges of between 3 and 6
orders of magnitude. This enables a simultaneous determination of major,
minor and trace elements in a single sample preparation. The method is
capable of measuring more than 70 elements with a detection limit of a
few ppb in a solution. In exception are elements in the first column of the
periodic table: Li, Na, K, Rb, and Cs, where the detection limits are about
one order higher. In principle, all elements except Ar can be measured, but
in practise H, O, N, the inert gases, the halogens, and the radioactive
nuclids are not measured routinely because extensive instrument
modifications needs to be undertaken. If a solid sample is to be analysed
the solid content in the solution should be about 1 %, giving detection
limits in the solid to be in the region of 1 ppm. Other advantages of the
technique are; the rapidness of analysis (a few minutes), the fact that it is
relatively free from interferences, and the ease of use.

Some disadvantages of the technique are; the destructive technique, the
amount of time consumed in sample preparation (with the risk of sample
contamination), and the relatively high running costs.

2.2.2.3 Inductively Coupled Plasma Mass Spectrometrv (ICP-MS)

Inductively coupled plasma mass spectrometry has had a considerable
impact on the discipline of geoanalysis since its commercial introduction in
1983. The most import areas of application are determination of rare earth
elements (REE) and precious metals. The ability to measure isotope ratios
efficiently is proving to be one of its greatest strengths.



Principle

Instead of measuring the photon emission from excited atoms and ions as
in ICP-AES, a portion of the positively ionised ions in the plasma are
extracted, transported, and analysed in a mass spectrometer on the basis of
the mass to charge ratio (m/z). By this approach isotopic information about
the elements in the sample can be obtained.

Instrumentation

A key difference between ICP-MS and ICP-AES is that for MS, ions
generated from the sample have to be transported from the plasma to the
spectrometer, whereas photons are passively observed. The extraction of
ions from the plasma is achieved by means of two cones. Ions pass from a
portion of the plasma at atmospheric pressure through an orifice in the first
cor.e (the sampler) into a region at about 1 torr and enter the vacuum mass
spectrometer via the next cone (the skimmer). Inside the mass
spectrometer the vacuum is high enough for ions to be collected and
transmitted by an ion lens system. After focussing by the lens system, the
ions are passed into the mass analyser, where ions are selected on basis of
m/z and deflected into a channel electron detector for registration. The
mass analyser is usually of the quadrupole type.

Sample requirements

As in ICP-AES, ICP-MS also prefers samples to be in a solution. The
same techniques as mentioned for the ICP-AES analysation of solid
samples have been developed.

Advantages-disadvantages

The main advantage with this method is the high sensitivity which is about
two orders better than that of AES (generally in the range of 1-100 ppb in
a solid). MS is the preferrable method for measuring the heavier elements
in the periodic table including the REE and the precious metals. The mass
spectra are furthermore considerably simpler than the emission spectra.
Another very important advantage is the possibility of obtaining isotopic
information about the elemental composition. The accuracy in isotope ratio
determinations is however not as good as it is for the established mass
spectrometiy techniques such as TIMS. If ICP-MS is combined with the
microprobe option through laser ablation it is very much comparable to the
ion microprobe (IMP). When comparing interference problems, spectral
interferences are less for ICP-MS than for ICP-AES but instead the



matrix-induced effects are more serious. The ICP-MS instrument is more
complicated (and more expensive) than 1CP-AES therefore more training
is required from the operator of the instalment.

The major problem areas in ICP-MS are related to drift, interferences and
memory effects. The memory effects are generally reduced if the sample
solution is diluted but this adds the drawback that the detection limits are
worsened. The amount of dissolved solids is usually kept below 0.2 % in
the solution.

The commonly employed sample introduction through a nebulizer has a
transport efficiency into the plasma of just a few per cent. By increasing
this efficiency the detection limits can be improved. Partly because of this
other means have been developed such as flow injection, laser ablation,
slurry nebuhzation and electrothermal vaporisation. In addition, experience
has shown that only one ion in 10^ ions sampled actually reaches the
detector. In total this indicates that detection limits can be expected to be
improved in the future.

2.2.2.4 Instrumental Neutron Activation Analysis (INAA)

INAA is one of the most extensively used methods today for routine trace
element analysis. Until the 1970's the method often required chemical
treatment of the sample either before or after the activation to be carried
out to separate interferences. Nowadays the need of chemical treatment
has decreased considerably through the introduction of high resolution
solid state germanium detectors that are capable of resolving the main part
of the troublesome interferences. The method is very reliable and sensitive
and is often used as a reference method in the development of new
techniques for elemental analysis.

Principle

The most common method of nuclear activation involves the irradiation of
a sample by neutrons followed by gamma-ray spectroscopy to measure the
induced activity. In the activation process stable nuclei are transmutated
into radioactive states which then decay with a half-life and radiation that
are characteristic for each isotope. In Figure 1 the principles for neutron
activation are illustrated. It can be noted that the induced activity reaches
saturation after some time ( a few half-lives) and after this point there is
very little to gain. As soon as the activation is finished the activity starts
decaying If the nuclei in question has a very short half-life the cooling
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time has to be reduced to a minimum before measurement of the activity is
undertaken The number of registred counts in a characteristic peak of an
element in the gamma-ray spectrum is strictly linearly proportional to the
mass of the element in the sample as apparent from the following neutron
activation formula. Assume that the isotope in question has a half-life of

T1/2

O NAme<t>9cry (l-exp(->.to))( l-exp(-Xtm))exp(->.tk) / (MXX)

C: measured activity of an isotope (number of registred counts in the
characteristic peak in gamma-ray measurements)

m: the mass of the element in question
Mx: atomic weight of the element
s: efficiency of the detection system
<j>: neutron flux in the sample position
0: natural fractional isotopic abundance of the target isotope
er nuclear reaction cross section
y: line intensity
A.: decay constant of the isotope (!n2/T j /i)
\0: activation time
tfc: cooling time
tni: measuring time
Ny\: Avogadro's number

It is worth noting that the method in principle is absolute quantitative in
contrast to several other methods. It can also be noted that the method is
sensitive for different isotopes of an element. By varying the time of
activation, cooling and measuring, the detection limits can be optimised for
a particular element.

Instrumentation

Most often the samples are irradiated by thermal neutrons (energy below
0.5 keV) in a reactor followed by direct counting of the induced gamma-
ray activity using a high resolution, energy dispersive, germanium detector.
This method is referred to as INAA. In some applications the samples are
irradiated with neutrons of a slightly higher energy which are known as
epithermal neutrons (0.5 keV to 1 MeV) in order to preferentially activate
elements with high cross sections (high probability) for interaction with
epithermal neutrons (ENAA). For some elements it can be advantageous to
increase the neutron energy to 14 MeV, which is known as fast neutron



activation analysis (FNAA). Activation of a sample can also be earned out
with charged particles or gamma-rays.

For quantitation the neutron formula or standards are employed. Standards
are, in principle, not a requirement, but, in practise, standards are used for
a simplified, more accurate, and precise quantitation. Some of the
interferences can also be resolved by varying these parameters.

Sample requirements

A great advantage with this method is that the sample does not have to be
dissolved and the sample size can vary from micrograms to kilograms.
However, detection limits can often be improved with a chemical
purification of the elements of interest either before irradiation (chemical
separation, CSNAA) or after irradiation (radiochemical, RNAA).
Radiochemical separations have several advantages over other chemical
pre-treatment techniques, in particular, the lack of contamination and the
ability to add carrier to monitor and correct for losses.

Advantages-disadvantages

Since the technique is nondestructive it can be combined with other
techniques for analysis on the same sample if no chemical treatment has
been employed. A major advantage of the method is that the physical
processes are well understood. Another advantage is the strictly linear
relationship between count rate and concentration from the detection limit
to major amounts of any particular element. The method also benefits from
the sample as it does not have to be put into solution since complete
sample dissolution can be a problem for some geological matrices that are
hard to dissolve. The sample size can also be varied considerably, from
micrograms to kilograms, due to the high penetrating power of neutrons.

INAA is a method with very few interferences and with a capability of
measuring approximately 50 elements in many geological materials. The
method is less sensitive to the elements forming the major oxides and a
base metal suite of Cu, Pb, Ni, Ag, Cd and Zn.

A major problem with INAA is however the availability of reactors for
sample activation. The number of reactors suitable for INAA are rather
limited and will probably decrease in the future. The initial costs (and
perhaps also the safety risks) are too high to build a dedicated reactor for
neutron activation analysis.
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2.2.2.5 Mass Spectrometrv (MS)

Mass spectrometry has played an important role in geochronology for
many decades now. For solid samples, thermal ionisation mass
spectrometry (TIMS) is currently the standard method of isotopic analysis.
It is a very sensitive method with very high precision and accuracy but not
very suited to routine analysis of large numbers of samples. Isotope ratios
can be detennined with a precision in the region of 1 in 10^. However, the
old methods of mass spectrometry are very difficult to employ for spacially
resolved analysis. A number of methods with this capability and additional
advantages are now available, such as, the ion microprobe (IMP), the laser
inicroprobe, and laser ablation ICP-MS but they all need more time to
mature to be able to compete in precision and accuracy with TIMS.
Another method now developing into a microprobe technique is
accelerator mass spectrometry (AMS).

Principle

The basic principle of the method is that a beam of ions with different
mass to charge ratio (m/z) is dispersed by a magnetic field. For a given
magnetic field ions with a high (m/z) ratio are less affected by the field
than those with a low ratio. Thus, the magnetic field separates the ion
beam into beams of ions of the same mass. A mass spectrum has relatively
few lines in comparison to, for example, atomic emission spectroscopy, so
the resolution is usually high enough to separate most of the isotopes. For
very accurate measurements chemical pre-treatment techniques can be
employed to isolate the elements of interest.

Instrumentation

Mass spectrometric equipment basically consists of three components: an
ion source, a mass analyser, and an ion detector. There is a tendency for
instruments to be classified according to their ion sources since this is
where the greatest differences are to be found. Thermal ionisation of
positive ions (TIMS) is one of the best methods for mass spectrometric
analysis of geological materials for determining isotope ratios with high
precision and is particularly suited to small samples. If negative ions are
extracted the method is named NT1MS.

The thermal ionisation source is appropriate for compounds that have a
low ionisation potential (3-6 eV), which can be applied usually to
inorganic compounds but is too low for organic compounds. Samples are
placed as a slurry on a filament, dried, and then heated strongly. When an
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atom evaporates it has a certain probability of being evaporated as a
positive ion. This probability is predictable and is a function of the
ionisation potential, Ej, of the sample and the work function ((> of the
filament material. The relationship for the ratio of ions, n+, to neutral
atoms, n0, is given by

n+/no = exp( e(<|)-Ej) / (kT)) where e is the elementary charge.

From the formula it can be seen that when (j) > E\ the efficiency of this
source approaches 100 % at quite low temperatures. When (j) < Ej the
filament temperature must be raised to increase efficiency, but this also
results in the sample being consumed too rapidly.

Independent of whether ions are produced by spark source ionisation, field
ionisation, electron impact ionisation, or thermal ionisation, there must be
an ion withdrawal and focussing system in which the ions are removed
from the ionisation chamber and accelerated toward the mass analyser.
Several pairs of focussing elements and slits then control the direction,
shape, and width of the ion beam. As mass analyser several methods can
be employed. Since the accelerating potential experienced by an ion
depends upon where in the source it is fjrmed, there will be an energy
spread among the ions at the entrance to the mass spectrometer. A single
focussing mass specrometer does not compensate for this effect, hence the
result is a broadening of the peak and a low to moderate resolution. In
TIMS, however, the energy spread of the ions is very small, thereby also
maintaining a rather high resolution with the use of a single focussing mass
spectrometer. To obtain a higher resolution, especially when using
methods with ion sources delivering ions with a high energy spread,
double focussing mass spectrometers have to be employed. In such a
system an electrostatic deflection field is incorporated between the ion
source and tYi mass analyser. For registration of the ions after the IT ass
analyser, recently developed multi-collector systems for parallel collection
of several isotopes can be employed.

Sample requirements

For the TIMS method rather small solid samples are needed, only a few ng
(single mineral grains) in some cases. To avoid isobaric interferences in
the mass spectrum, extensive chemical pre-treatment of the sample,
normally involving ion exchange separations, is required. The element
solution is then mounted on a filament in the ion source for initial drying
and conditioning before analysis. Since the detection limits of the method
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is essentially restricted to the procedural blanks the risks of contamination
are of great concern for the method.

For quantitative analysis of elements which have several isotopes, the
isotope dilution method can be employed. The method involves
determining the concentration of an element from the change in its natural
isotopic composition caused by the addition of an isotopic tracer of the
same element with an artificially altered composition. A prerequisite for
the isotope dilution method is however that the element in question exists
as two or three naturally occurring isotopes.

Advantages-disadvantages

Isotope ratios can be determined with a precision in the region 1 in
TIMS is also applicable to elemental analysis, as very high precision and
accuracy are attainable using the isotope dilution method. The final mass
spectra after extensive sample pre-treatment have relatively few lines and
it is possible to separate all the isotopes. A disadvantage with the TIMS
method is that it is not very well suited to the routine production of large
numbers of analyses.

Accelerator mass spectrometry (AMS)

Particle accelerators interfaced to mass analysers are capable of measuring
some elemental isotopes at very low abundances in small samples. In the
beginning the technique was developed for carbon-14 dating, but it has
now developed into a tool being very useful for measuring several long-
lived isotopes such as beryllium-10, aIuminium-26, chlorine-36, calcium-
41, and iodide-129. A prerequisite is however that the element to be
analyzed forms stable negative ions. A decisive advantage with AMS is
that atom ratios up to 10" 17 can be measured in sample sizes on the order
of one milligram or less. In the ftiture the technique will also be capable to
perform spatially resolved microanalysis. A disadvantage of the technique
is however the high costs for installation and maintenance.

The principle of the method is essentially that of an ultrasensitive mass
filter. In the ion source a solid sample is bombarded with cesium ions in a
sputter source to produce a large number of negative ions. In an inflection
magnet ions with a certain mass-to-charge-ratio are selected for
acceleration towards the positive terminal of a tandem-accelerator. After
gaining several Me V of energy the ions are passed through a stripper stage
where electrons are removed from the ions turning them into positive ions.
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Hus stripping also breaks up most of the disturbing molecules and
molecular fragments in the beam. The positive ions are then accelerated
towards ground potential and then deflected by electrostatic and magnetic
fields to select ions with a certain charge state.The ion beam then passes
through a slit and a velocity filter before entering the detector system. To
detemiine an isotope ratio two isotopes have to be measured. By computer
controlling of the accelerator system this can efficiently be performed.

Laser Microprobe Mass Spectrometrv (LMMS)

With a short (about 15 ns) pulse of high-power laser radiation, solid-state
matter can be instantaneously converted into a plasma of ionised nuclei
and electrons that can form an ion source for mass spectrometry (or atomic
absorption or atomic emission). The temperature attained in the plasma
can be very high (10000-15000 °C). Since laser light can be focussed by
means of simple optical lenses down to micrometer size, a mass
spectrometer with microprobe capability can be obtained. The short-pulsed
ion generation usually requires dynamic mass spectrometers of the time-of-
flight type to be employed. The main advantage of the time-of-flight mass
spectrometer over other devices is its ability to determine all the ions
formed in a single analytical cycle. The mass resolution is however
limited. Both positive and negative ions can be measured.

Quantitative analysis is still a problem due to a lack of physical models for
unifying the different effects of the ion formation.

2.2.2.6 The Ion Microprobe (IMP) and Secondary Ion Mass
Spectrometry (SIMS)

The basic principles of the ion microprobe are the same as for the methods
discussed in the chapter of mass spectrometry, but since the method is
employed in one of the papers in the following thesis, another short
presentation will be given below.

Principle

The principle of SIMS has the same basis as mass spectrometry. The
major difference with SIMS being that it is a microprobe technique
enabling spatially resolved analysis (micrometer scale) of, for example,
different zones in a zircon grain. The sample is placed in the focus of a
beam of high-energy primary ions (a few keV) such as oxygen, argon pr



cesium Some of the atoms that are ejected during erosion or sputtering of
the interaction point on the sample surface, are ionised (secondary ions).
When a layer with a thickness of about twice the projected range of the
primary ion beam has been sputtered, an equilibrium is as a rule set up
between implantation and sputtering. The composition of the sputtered
material is then said to correspond to that of the bulk specimen. The
secondary ions are then introduced to a double focussing mass
spectrometer for mass determination.

Instrumentation

The instrument consists essentially of three parts: a primary ion column, a
specimen chamber, and a secondary ion column. In the primary ion column
a primary ion beam is extracted from the ion source, transported, and
formed, to produce a focus on the sample. Before reaching the sample the
beam also has to go through a beam purification step to avoid
contamination of the sample by types of ions other than the intended type.
To reduce contamination from residual gas components in the system, the
entire instrument from ion source to detector is accommodated in a ultra
high-vacuum system. A vacuum of between 10"? and 10*6 Pa is typically
maintained in the specimen chamber. Before entering the chamber, the
beam also passes through a unit for deflection and steering of the ion ')eam
on the sample surface. In the secondary ion column the sputtered ions are
transported from the chamber region to the mass spectrometer. The mass
spectrometer can be of several types; quadrupole type, time-of-flight, or
sector-field magnet. In applications where a very high resolution is
required to resolve molecular interferences a double focussing sector field
magnet is usually employed.

The SIMS instrument can be operated in several modes. If the instrument
is to be used for extreme surface analysis the ion sputtering must be very
slow and the mode of operation is then said to be in the static mode. In
contrast, in depth profiling a sufficiently large depth must be recorded
within a practicable measuring time. This mode of operation is named the
dynamic mode. Dynamic SIMS instruments can also be used to study the
lateral variation of elemental isotopes. Two distinct methods have been
employed to produce ion images: the ion microprobe and the ion
microscope. The ion microprobe technique of ion imaging is an analogue
of the electron microprobe and the scanning electron microscope. The
primary ion beam is ibcussed to a fine spot and rastered over the surface
of the specimen. The output at a specific mass peak is then displayed in
synchronism with the primary beam position to produce a map of the
secondary ion intensity across the surface. The spatial resolution in the



final secondary image is then determined by the spot size of the primary
ion beam, which is typically in the order of a few urn. The ion microscope,
in contrast, is an analogue of the optical microscope. In this case the
primary ion beam acts as a source of illumination and the ion image is
formed using ion lenses to maintain the spatial distribution of the
secondary ions as they are transmitted through the mass spectrometer.

Sample requirements

In general, samples for SIMS analysis are only required to be solid with no
additional preparation. However, the surface has to be as smooth and even
as possible for reliable analysis. This is particularly important when the ion
microscope option is used for analysis, since the sample constitutes an
integral part of the ion optics in this instrument and a rough surface would
disturb the homogeniety of the secondary ion acceleration field. A
potential problem is sample charging if an insulating sample is to be
analysed. This can however be solved by means of using a electron flood
gun, or by employing a negative sputter ion beam or simply by coating the
sample surface with a thin conducting layer of, for example, carbon. The
main function here in contrast to other methods such as the electron
microprobe, is not to prevent charging up in the interaction point, but
rather, to keep the sample surface on an equal potential with respect to the
secondary ion extraction electrode to facilitate stable collection of
secondary ions.

Advantages-disadvantages

Some advantages that IMP allows are: quantitative analysis of major and
trace elements in the range hydrogen to uranium, depth profiling with a
resolution of a few nanometer, and in situ isotope analysis of a
homogeneous sample. However, the method is well known for suffering
from strong matrix effects. As well as having a wide variation in
secondary ion yields between different elements, it also shows strong
variations in the secondary ion yield from the same element in different
matrices. Therefore, analysis of samples with varying matrices can cause
problems in quantitation. The elemental sensitivity is high; often in the
ppm-ppb range in a beam spot of about one micrometer. The technique is
therefore suitable for solving problems such as geochronological dating of
different regions in individual zircon grains. In applications where high
precision and accuracy is needed as in zircon dating, matched standards
have to be employed. There are also physical models describing the
secondary ion emission processes which can be employed for providing



semiquantitative infonnation. Another problem is the isobaric interferences
that can be severe if minerals with complex matrices are analysed.

2.2.2.7 X-ray Fluorescence (XRF)

Although X-ray fluorescence spectroscopy has been used for more than 25
years now, it continues to be a well used tool for geochemical analyses.
One of the reasons for this is its good reputation for high precision in
analytical measurements. Through the development of computer-controlled
instrumentation, the method also benefits from full spectrometer
automation and on-line data processing facilities for quantitative results.
An interesting development of the XRF technique are the portable XRF
units which enable analysis during field work.

There are a number of rather recently developed techniques that also rely
on production and detection of the X-ray fluorescence phenomenon. The
main difference being the means by which the X-ray fluorescence is
induced. Some of these techniques will be further discussed in the
following chapters.

Principle

When a sample is irradiated by a primary beam of X-rays, interaction of
X-ray photons with atoms in the sample can sometimes cause ejection of
inner shell orbital electrons from the atoms. In this excited state, the atom
is intrinsically unstable and decays almost instantaneously to a more stable
electronic configuration by transition of an outer shell electron to fill the
vacancy caused by the ejection. The energy lost by the electron in this
transition down the potential energy gradient often appears as an emitted
X-ray photon. The energy of this photon corresponds to the energy
difference between the two energy levels involved. Since the atomic
energy levels and consequently the differences between levels have
specific values, the X-ray photons have well-defined energies completely
characteristic of the atom from which they are emitted. Electron transitions
between numerous atomic levels are possible, thus each excited atom
emits a series of X-rays characterized by a specific distribution of energies
and relative intensities. This spectrum of X-rays identifies the atomic
species uniquely, and in an irradiation of a sample with X-rays the
measured intensity of the characteristic X-ray lines is proportional to the
concentration of the element in question.



The characteristic X-ray emission resulting from a transition of an outer
electron to a vacancy in the innermost shell (the K-shell) is denoted as
being a K X-ray, and if the transition goes from an outer position to a
vacancy in the L-shell the resulting X-ray is denoted as being an L X-ray.
To more precisely define the transition sets of sub-labels are introduced. In
the first set K X-rays are denoted as being a Ka or a K(3 and similar L X-
rays to be La, L(3, etc. However, characteristic X-rays are not always
emitted, but other processes such as Auger electron emission are
competing which has to be corrected for.

Instrumentation

An X-ray fluorescence spectrometer consists essentially of two parts: an
X-ray source, and a detection system for X-rays. In the X-ray generator
electrons emitted from a tungsten filament are accelerated towards a
metallic target. In the interaction between the energetic electrons and the
target, characteristic X-rays and continuous Bremsstrahlung are produced
in the slowing down process. The result of these processes is a continuous
energy distribution from the Bremsstrahlung extending from zero energy
up to the applied potential with superimposed characteristic X-ray peaks.
This X-ray beam is let out from the generator through a window to
irradiate the sample, or another secondary target, depending on the choice
of detector system. To let the beam interact with a second target before
irradiating the sample can be advantageous in reducing scattered
background radiation in the X-ray spectrum. The background originates
from elastic (Rayleigh) and inelastic (Compton) scattering of X-rays in the
sample and in the secondary target. The advantage of using a secondary
target is that this background component is plane polarized after the
second target and by positioning the detector in an orthogonal geometry
with respect to the X-ray tube much of this background can be suppressed.
As well, in a setup with only a primary target the orthogonal geometry is
preferred due to a minimum in the Compton scattering intensity.

A prerequisite for X-ray excitation of atoms is, however, that the energy of
the primary X-ray beam is higher than the ionisation energy of the atom.
The highest probability for ionisation is obtained if the energy of the
primary X-ray is only slightly higher than the ionisation energy of the
atom. The choice of material in the primary and secondary targets ara
therefore very important. A commonly used material is rhodium

In practice, X-ray energies only in the interval of 1 to 25 keV are detected
due to instrumental limitations such as detection efficiency. Since the
energy of the characteristic K- and L-lines increases with the atomic



number of the element, the K-Iines are measured for elements from sodium
up to about antimony, and L-lines for heavier elements.

For detection of X-rays two kinds of detector system with different
characteristics are available. A wavelength dispersive system consists of a
monochromator system, for selecting only one characteristic X-ray line,
and a detector for recording the X-rays passing through the
monochromator. The second alternative is to use an energy dispersive
system, where all X-ray energies are simultaneously recorded by a high
resolution solid state detector (Si(Li)). A major advantage with the latter
system is that a complete X-ray spectrum is obtained from the sample, on
which a rapid qualitative analysis of the elemental content can be carried
out. However, in the former system only the number of registred X-rays
for a certain energy is obtained. The wavelength dispersive system on the
other hand has a higher energy resolution in the energy interval up to 10-
15 ke V, thereby reducing the number of X-ray energy interferences. The
obtainable elemental sensitivity with such a system is also higher. If
several elements are to be measured in a sample they have to be
sequentially measured otherwise several detector systems have to be
employed.

Sample requirements

The most common method of preparing rock samples for subsequent
analysis by XRF is fusion of the powdered sample with a borate salt
followed by casting of the melt in a mold to form a disc for presentation to
the spectrometer. Another common method is to press a pellet or briquette
of the rock powder. However, pellets have to be very carefully prepared
due to the risk of segregation on the basis of particle size and shape.

Advantages-disadvantages

Analysis by XRF is a comparative method, therefore reliable standards is a
requirement for a successful analysis. The standards chosen for a specific
analysis should match the unknown sample as closely as possible in matrix
composition, although matrix corrections can make this less critical. The
lack of suitable standards for trace element analysis can however limit the
application of the method. The major field of routine application has
therefore become determination of major and trace elements in silicate
rocks, where a high precision can be achieved for many geochemically
important trace elements such as Rb, Sr, Y, Nb, and Zr, that are not
always as readily determined by other techniques. Elements in the range
Na to U can be detected routinely with a sensitivity in the range of a few
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ppm tor several of the elements. Another important advantage in this
context is that the technique is non-destructive.

An interesting feature of all the X-ray methods is that the elemental
sensitivity for adjacent elements in the periodic table is smoothly varying
in contrast to techniques such as neutron activation analysis.

Total Reflection XRF (TRXRF)

Total-reflection X-ray fluorescence is a relatively new technique for trace
element analysis. In contrast to XRF, which uses angles of incidence of
about 45°, TRXRF uses a primary beam with a grazing incidence angle of
< 0.1°. To achieve total reflection of the primary X-ray beam the sample
has to be prepared as a thin film on a quartz glass support. The obtained
reduction of background in the X-ray spectrum is considerable, which
results in much improved detection limits, since the primary X-rays, which
do not interact with the sample, are totally reflected. A potential
disadvantage in some applications is the sample preparation, which
requires that the sample has to be in a solution. The basic equipment is
about the same as for XRF: an X-ray source, and an energy dispersive X-
ray detector. The most important part in the system is probably the sample
positioning device, which controls the angle of incidence.

Synchrotron X-ray Fluorescence (SXRF)

When charged particles are accelerated or decelerated electromagnetic
radiation is emitted. The higher the energy of the particle the higher the
frequency of the emitted radiation will be. By accelerating electrons to
high energies in a synchrotron accelerator the energy of the emitted
radiation can be in the X-ray range. The intensity of the radiation is several
orders of magnitude more intense than the conventional X-ray tube and is
furthermore concentrated directionally. The energy distribution of this
radiation is very broad and continuous but by using a type of mirrors the
energy of the radiation can be tuned and also focussed into a microprobe
of a few micrometers maintaining a reasonable X-ray intensity. With the
possibility of tuning the energy of the X-ray beam the cross-section for
inner shell photo-ionisation can be varied strongly for an element. For
incident X-ray energies directiy above a major absorption edge the cross-
section is at a maximum and decreases proportional to 1/E^ as the
excitation energy increases. Therefore, the sensitivity for a certain element
can be varied or even discriminated by tuning the energy of the incoming



beam to be lower than the ionisation energy of a major matrix element.
The sensitivity for an optimized element using an energy dispersive
detector can be in the range of one order lower than that of an ordinary all
round energy where the sensitivity for many elements is about 0.1 ppm.
With a wavelength dispersive system the detection limits can be further
improved. Another unique property of the synchrotron radiation is that it is
highly polarized in the plane of the electron orbit, which means that the
background of scattered X-rays can be reduced considerably when the X-
ray detector is observing the sample from an angle of 90 degrees to the
beam in the horizontal plane.

A major disadvantage is however cost and availability, which will
probably always be a limiting factor to extensive use of the technique.

2.2.2.8 The Electron Microprobe (EMP)

The first commercial electron microprobe appeared in 1958, and it has
since then established itself as an indispensible tool in mineralogical
research. In most of the mineral analyses published nowadays the electron
microprobe is found to be employed either as the major instrumental
method or as a complement to other highly sensitive instrumental methods.
One important reason for this is that the method is non-destructive and can
therefore be used in the first step of a project before other microanalytical
trace element methods are employed. Another important reason is the high
spatial resolution the method offers (typically lfim), which has enabled
much more reliable data on the elemental composition of minerals than has
been obtained. Today the method is characterized by a very high level of
user-friendliness and by being highly computer controlled and automated.

Principle

When a beam of energetic electrons strikes a solid sample, many different
effects such as emission of X-rays, visible light, and scattered electrons of
varying energies can be observed. The principles for production of
characteristic X-ray are very similar to XRF only with the difference that
the energetic electrons are ionising the atoms in the sample instead of a
beam of X-rays. A requirement on the electron energy is however that it is
higher than the energy needed to excite an inner shell electron in the atom.
At the same time as characteristic X-rays are produced, Bremsstraniung
from scattering of primary and secondary electrons in the sample, is
emitted. The resulting X-ray spectrum is composed of a continuous
background (Bremsstrahlung) extending from zero up to the full energy of

37



the incident electrons, with characteristic X-ray peaks superimposed. The
continuum radiation intensity is relatively low at the higher energies, and
increases with decreasing X-ray energy. In comparison to XRF the
background is very high limiting the elemental sensitivity to about 0.1 %wt
for an energy dispersive detection system. For efficient ionisation the
electron energy is generally in the range 2 to 3 times higher than the
threshold energy. For medium-Z materials such as most geological
minerals, 20-25 keV electrons are commonly used to excite the K-series
peaks. For higher-Z elements, L or M-peaks are usually employed for
analysis.

The basis for the scanning electron microscope (SEM) is detection of the
rather low-energetic secondary electrons produced in the interaction point.
Because of the low energy only those produced very near the sample
surface can escape from the sample and be detected. Hence these electrons
are very sensitive to the topology of the sample surface. This signal is
therefore of less significance when polished thin sections are to be
analysed.

Detection of primary electrons back-scattered from the sample is often a
very useful tool in studying variations in the composition of minerals and
discrimination between different types of minerals. The basis the method
relies on is that the number of back-scattered primary electrons increases
when the average atomic number (Z) of the sample matrix increases. The
sensitivity is very high, average changes of less than one atomic number
can be detected, which can be very useful in revealing zoning patterns in
mineral grains.

When geological samples are bombarded with energetic electrons, visible
light can often be observed. This light is called cathodoluminescence and
is in contradiction to back-scattered electrons and inner shell X-rays
sensitive to the chemical environment of the atoms. Therefore, information
that is not readily obtained with other methods can be measured. The
cathodoluminescence can be either intrinsic for the mineral or extrinsic.
The extrinsic luminescence can often be related to trace elements which
are introducing new energy levels in the crystal. The luminescence can
therefore be employed for extracting information about some trace
elements in the mineral which have concentrations far below the detection
limit for X-ray analysis. The cathodoluminesce is however difficult to use
for quantitative analysis.



Instrumentation

In its simplest form, the electron microprobe consists of an electron source
and an optical system which forms and focuses an electron beam onto the
surface of a sample. The electron beam can be moved to one spot for
analysis, or rastered across the sample to produce maps from, for example,
detection of secondary electrons (SE), back-scattered electrons (BSE),
cathodoluminescence (CL), or X-rays (EPMA). All the detectors and a
sample stage allowing the sample to be manipulated in all directions are
contained in the specimen chamber, which together with the electron
optical system are kept under high vacuum. The obtainable electron beam
resolution depends very much on the excitation voltage, sample thickness
and density, and which type of radiation that is detected from the sample.
The secondary electrons have several different origins but the resolution is
essentially limited to the escape depth of the secondary electrons. This
makes the resolution slightly worse than the primary probe size but in
general the lateral resolution is in the range of a few nanometres. The
back-scattering signal, on the other hand, is independent of the probe
diameter, provided it is small, as the resolution is determined essentially by
the diameter of the BSE exit area. This diameter is proportional to the
penetration depth and thereby the acceleration voltage. If X-rays are
employed for mapping the resolution is reduced considerably when a
sample thicker than the penetration depth of the electron beam is
employed. In such a case the resolution is often in the range of a few
micrometres, depending on the large excitation volume and the high
penetration of X-rays generated in this volume. If the accelerating voltage
is reduced or the sample made thinner than the penetration depth of the
electron beam the probe resolution can almost be maintained. The problem
is very much the same for detection of the cathodoluminescence, due to
the generally high penetration of visible light in crystals.

For the detection of SE, BSE, or CL, solid state detectors or scintillation
detectors can be used. The X-rays can be detected either with an energy
dispersive system (EDX) based on a solid state detector (Si(Li) or Ge), or
a wavelength dispersive system (WDX). An EDX system is enough if
rapid analysis of major and minor elements with concentrations above 0.1
%wt is requested. If better detection limits are required a WDX system is
preferrable. In silicate minerals concentrations of trace elements down to a
few tens of ppm can be measured in favorable cases with a WDX system,
i o improve the detection efficiency the EMP can be equipped with several
WDX systems measuring one characteristic X-ray line each.



As in XRi- the intensities of the peaks in a spectrum can be used to obtain
the concentrations of the elements in the sample. A simple approach to
quantitation is to use standards being very similar in composition. In
practice, however, this is of restricted use because suitable standards are
generally not available. Another approach is to measure the intensity of a
characteristic peak and relate it to the intensity obtained under the same
conditions from a pure material. This fraction is called the k-ratio for the
element. By correcting the k-ratio for different matrix effects a
concentration can be obtained. A well-established procedure is the ZAF
method, correcting for: (Z) the stopping power of the matrix, (A)
absorption of X-rays by other elements, and (F) fluorescence; the
enhancement of the peak intensity by X-rays from other elements in the
matrix. In order to use the ZAF method k-ratios must be supplied for all
elements of significant concentration except for one, which can be
obtained by the difference. A well know example is that of analysis of
minerals, where the oxygen k-ratio is often obtained by the difference.

Sample requirements

In the case of small and electrically conductive samples virtually no
specimen preparation is required. For quantitative analysis however the
sample surface has to be smooth at least on a scale of a few tens of
micrometres and it must be in a fixed geometry to the X-ray detector.
Many geological samples are poor conductors and are therefore coated
with a conducting layer of some material. Carbon is often used in
applications where X-ray analysis is to be employed, due to the fact it is
usually invisible to the X-ray detector. For quantitative analysis, elements
from sodium (Z=l 1) and ones heavier can be measured, lighter elements
down to boron can also be observed by using th»n window detectors.

As earlier discussed, very thin samples have to be prepared if the high
resolution of the probe is to be maintained in the X-ray analysis. This is
utilized in the transmission electron microscope (TEM), where high
energetic electrons (up to 200 keV) are rastered over a very thin sample
and the transmitted electrons measured. Here a resolution in the range of
0.1 nm is attainable.

Advantages-disadvantages

1 he electron microprobe has reached a very high degree of user-
frienliness, and has therefore partly become a bit of a "working horse" to
the geologists today. It can produce information not only about the
elemental composition of a sample but also complementary information
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from secondary electrons, back-scattered electrons, and cathodo-
luminescence on mineral structures and chemistry. A potential
disadvantage of the method is the elemental sensitivity, which is only
about 0.1 %wt using an EDX system. To obtain the trace element content
in a sample using other more complicated and expensive microprobe
techniques, prior information about suitable spots to probe and major
element compositions are often very valuable, thereby making the electron
microprobe a very good complement to other techniques.

2.2.2.9 The Nuclear Microprobe (NMP)

During the last 20 years the use of high-energy ion beams for elemental
analysis and material characterization has increased enormously. The
analytical methods using small accelerators for producing heavy ion beams
are summarized under the designation ion beam analysis methods (IBA).
Most of the existing IBA facilities are however using accelerators once
employed for pure nuclear physics research. As the methods have reached
a high degree of development new dedicated facilities have been
established. One of those methods that now is slowly becoming mature
and established is the nuclear microprobe. The nuclear inicroprobe
contains an arsenal of different elemental analysis methods, some of them
being more suited than others for solving problems in geochemistry. One
of the probably more well-known techniques among geologists is Particle
Induced X-ray Emission (P1XE). Today there are a few nuclear
microprobe facilities spread over the world that have totally concentrated
on geological applications and where the basic IBA method is PIXE.

Principle

The principle of the nuclear microprobe is very similar to the electron
inicroprobe. A beam of heavy ions is produced from some type of ion
source, accelerated to a high energy ( a few MeV/amu) in an accelerator,
and then transported using different kinds of beam optical units to the
analysing chamber where it is focussed onto the sample surface. When
ions of a few MeV energy impinge on a sample, a number of different
interactions can take place resulting in emission of, for example,
characteristic X-rays, back-scattered primary ions, forward-scattered
primary and secondary ions, visible light, secondary electrons, nuclear
reaction particles, and nuclear reaction gamina-iays. All of these reveal
useful information about the sample. Different types of ions can be
employed for analysis but the most useful ion beams for X-ray analysis
consist of protons or alpha particles.
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Starting with the X-rays, the background producing processes are of the
second order in contradiction to the EMP where the primary beam of
electrons are contributing strongly to the background production. The
background produced by the primary heavy ion beam is almost negligable.
Hence, the background is much lower in the PIXE spectrum. The main
contribution to the background at energies up to about 6 keV in a IIXE
spectrum is, therefore, Bremsstrahlung from secondary electrons. The
elemental sensitivity is consequently usually at the highest for elements
with characteristic X-ray energies immediately above the Bremsstrahlung.
In contrast to XRF (where the cross-sections for ionisation are at the
highest for elements with an ionisation energy just below the primary X-
ray energy), the cross-sections for ionisation are usually highest for the
lightest elements detectable (Mg, A1) and then they decrease with higher
X-ray energies. Since the light elements are the most abundant in
geological samples the high cross-sections are also a potential problem in
measuring heavy trace elements in this type of sample matrices. In Figure
2 an example of a PIXE spectrum from an apatite is shown. To reduce the
signal from the major elements; phosphorus and calcium, the X-rays were
filtered through 775 micrometres of Mylar (C10H8O4) before entering the
Si(Li) detector. If a thin sample has been irradiated i.e. the energy loss of
the ion beam is negliable, the elemental masses in the sample can be
calculated from the PIXE formula below.

Y(ZhNpM(Z)az(E)«zbzezNA/Az

where

Y(Z) = the yield of characteristic X-rays measured in a certain line
(K or L) for an element

M(Z) = the elemental mass per unit area
Np = the number of incident ions
cz(E) = the ionisation cross-section at beam energy E
wz = the K or L fluorescence yield
b z = the fraction of K or L X-rays that appears in the line used for

quantitation
z7 = the absolute detection efficiency
N/\ = Avogadro's number
Az the atomic mass with atomic number Z

It is worth noting that the amount of an element in an unknown sample can
in principle be calculated without any prior knowledge of the elemental
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content i.e. so-called standardless analysis. If the ion beam looses some or
all of its energy in the passage through the sample, the formula becomes
more complicated since the effects of the beam is penetrating into a sample
and the ion beam looses energy and this needs to be accomodated for.

In geochemistry, detection of elastically back-scattered ions (Rutherford
back-scattering), have so far been of limited use. However, in solid state
physics, and in studies of thin films, it has been extensively used. Back-
scattered ions are very useful because the energy of the scattered ion can
be related to the identity, the abundance of the atoms in the sample, and
the depth distribution. The method can consequently be employed for
measuring the elemental composition. In thin samples hydrogen can also
be measured by detection of forward scattered protons. RBS is however
not the technique for distinguishing neighbouring elements except a few of
the lightest elements when using an ion beam of protons. Another
interesting application of RBS is channeling, which can occur in crystalline
samples such as minerals. Channeling occurs when the crystal is so
oriented that the beam enters the crystal close to one of the principal
crystallographic planes or axes. This can be used for identifying the
location of an impurity atom in the crystal lattice.

In the interaction between the ion beam and the atoms of the sample, some
ions interact with the atomic nuclei of some elements converting a few of
them into new isotopes while others are only excited without any change
in the number of nucleons. As a result of this type of interaction; gamma-
ray emission, emission of charged particles, or inelastically scattered ions,
can be observed. High yields for gamma-ray emission have been measured
for the lightest elements such as Li, B, F, Na, Mg, and Al. If a specific
element is of interest the elemental sensitivity from a nuclear reaction can
often be increased considerably by chosing a proper ion and energy for the
incident beam. In Figure 3 an example of a PIGE spectrum from a granite
rock sample induced by 5 MeV protons is shown. The spectrum was
acquired with a high-purity germanium detector.

When the ion beam interacts with the sample, secondary electrons are
produced, and as in the EMP these can be used for imaging of a specimen.
Visible light is also often produced when geological specimens are
bombarded. The characterstics of this light, ionoluminescence, is very
similar to the CL and can be useful both as a tool in sample imaging such
as identifying suitable spots to probe for trace elements, and for extracting
additional information about the sample chemistry by studying the spectral
composition of the light emission.



Instrumentation

The major difference between the EMP and the NMP instrumentation is
the weight of the lightest heavy ion; the proton, being about 1800 times
heavier than the electron. This causes major problems in forming a
microprobe. At present it is possible to obtain a lateral beam resolution of
about 0.5-1 micrometer maintaining a beam current (100 pA) still being
useful for PIXE analysis.

The ions are produced in some type of ion source, which can be located
outside the accelerator on the low-energy side (tandem-accelerator) or
inside the accelerator ( single ended accelerator). In the former case
negative ions are extracted from the ion source while in the latter positive
ions are extracted. The extracted ions are then formed into a beam and
purified to consist only of the ion of interest. After being purified the ions
are accelerated to the wanted energy in an electrostatic field gradient. In a
single-ended accelerator the ion source is mounted at the high voltage
terminal and the ions are therefore accelerated in the field-gradient
towards ground potential, but in the tandem-accelerator the negative ions
are accelerated towards a high positive potential at the high voltage
terminal When reaching this point they are passed through a stripper stage
consisting of gas or a thin carbon-foil, where electrons are removed from
the previously negative ions. After this stage the ions are positively
charged and can therefore be accelerated yet another time in the field
gradient towards ground potential. After acceleration the high energetic
ion beam is eventually purified again before being switched into the
microprobe beam-line.

The image of the ion source is then focussed onto an object collimator.
This collimator is followed by another collimator limiting the beam
divergence from the object. By using at least two quadrupole lenses of
electrostatic or magnetic type, the ion beam can then be demagnified to a
microprobe on the target plane. Before entering the chamber the ion beam
must pass through a scanning unit to enable rastering of the ion beam
across the sample surface. The data acquisition from detectors for
detection of X-rays (PIXE), elastically back-scattered particles
(Rutherford Back-Scattering), visible light (Ionoluminescence), secondary
electrons (SE), and particle induced gamma-ray emission (PIGE) are then
synchronized with the position of the beam, enabling maps of the sample
to be produced. Trace element analysis on a ppm level in each pixel of a
map consisting of several thousand pixels is in practise not possible, since
a typical acquisition time for one PIXE spectrum (one pixel) is several
minutes Therefore elemental mapping of big areas, i.e. consisting of
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numerous pixels, is usually limited to major and minor elements. The
maximum scan using scanning coils is usually limited to a few mm^. To
cover a larger area the sample stage can sometimes be scanned instead of
the beam. If samples larger than the sample chamber are to be analysed,
these samples can be analysed in the free air by letting the ion beam pass
out from the vacuum through a thin foil.

Sample requirements

The requirements on sample preparation are very similar to that needed for
the electron microprobe. Especially if a proton beam is used for analysis
the penetration range of the beam has to be taken into consideration. A
proton beam of a typical energy of 2-3 MeV penetrates about 40-50
micrometres of material in a geological rock sample. For reliable results on
the elemental content the sample has to be homogeneous on this scale
(laterally and in depth). If the beam is absorbed by the sample, charging up
problems can occur. As in the EMP this effect can be reduced
considerably by coating the sample with a conducting layer or by
employing an electron flood gun for spraying electrons on the sample for
charge compensation.

Solutions can also be analysed in the nuclear microprobe if they are
converted into a solid sample using an evaporation technique or similar.
As for many other techniques, preconcentration techniques can be applied
to a sample being in a solution.

Advantages-disadvantages

An obvious advantage with the PIXE method is that it is absolutly
quantitative i.e. principially, no standards are needed except for an initial
calibration of the setup regarding proton energy and mass calibration.
Using PIXE, elements in the range aluminium to uranium can be detected
with a sensitivity of a few ppm for many elements. The highest sensitivity
being for Z=25-45 (X-ray K-lines) and Z=75-92 (X-ray L-lines). If
simultaneous detection of the gamma-ray emission (PIGE) is utilized some
additional light elements such as Li, B, F, Na, and Mg can be measured
with about the same sensitivity. Complementary information can often be
obtained by detection of ionoluminescence (IL), Rutherford back-
scattering (RBS), and secondary electrons (SE).

In mosj applications a beam of protons of typically 2-3 MeV is used for
analysis. Since the penetration depth of such a beam is rather high the use
of very narrow beams in a thick sample is limited. Therefore beam sizes in
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v the range 10-20 urn is often employed in such applications. If a heavier ion
beam of for example helium ions is employed the penetration depth will be
much shorter and still maintain a high ionisation cross section. A lowered
proton beam energy on the other hand will besides reducing the
penetration depth, also drastically reduce the ionisation cross sections and
thereby the sensitivity for heavier elements.

Factors contributing to the limited spread of the method are the costs and
the spatial size of the nuclear microprobe. Even if rather small and less
costly accelerators can be purchased the total costs for personel,
maintenance, experimental hall etc. are rather high.

Problems

A potential problem with microprobes employing heavy ion beams is the
high energy deposition in the sample. In PIXE analysis of thick rock
samples, the beam induced damages are limited, but for thin samples
where the beam penetrates the sample, loss of light elements can be
considerable. In thick samples the damages are limited mainly to heating
problems eventually resulting in cracks and loss of volatile elements.

The minimum beam current being usefiil for PIXE analysis is about 100
pA, otherwise the X-ray yield and consequently the acquisition time will
be too long. This limits the beam size today to be in the range of 0.5-1
micrometer. Factors limiting the resolution are: the quality of the focussing
lens system including both parasitic and intrinsic abberrations, brightness
and energy spread in the ion beam from the accelerator, and the efficiency
of the PIXE detection system. By moving towards smaller beams the beam
damages will be even worse than it is if the beam current has to be
maintained. Therefore, an improvement of the detection efficiency i.e.
mainly an increase of the solid angle of the X-ray detector would be most
desireable. Another very common limiting factor, which is rather easily
solved in the compact EMP, are the effects of mechanical vibrations,
which cause much more trouble when the instrument to stabilize has a
length of about 10 m.

2.3 The niche for the Nuclear Microprobe in analysis of geological
materials

Although applications of the nuclear microprobe to geological samples
have been growing, the technique is not as widely applied to geochemical
studies as the other major instrumental methods previously described. As
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long as the instrument can not be made compact comparable to an EMP
and needs an accelerator facility, the use of the nuclear microprobe will
probably remain to be limited. At present there are about 40 nuclear
microprobe facilities spread over the world.

None of the methods previously presented are however a panacea.
Therefore, there will always be a need for new alternative analytical
techniques to be developed. It is even desireable that a range of techniques
are in widespread use for solving the same analytical problems in order to
reveal biases in the analytical methods and develop new standard
reference material. When comparing methods there are probably as many
aspects as there are methods but the intention in this chapter is only to try
to point out an analytical niche for the nuclear microprobe.

The in situ microanalytical capabilities of the nuclear microprobe, enabling
for example analysis of single mineral graiiis in a rock sample, when
compared to the widely used techniques previously discussed will exclude
several of those from the list of analytical alternatives if only the analytical
aspects are considered. Furthermore, the NMP is non-destructive in the
sense that no sample material is consumed during the analysis. Such a
property can be very useful since other techniques or even the nuclear
microprobe can be employed to reanalyse the same sample volume again.
This will exclude most of the techniques except microanalytical techniques
based on probes of X-rays, electrons, and low power laser beams.

Of the techniques remaining the electron microprobe can be put aside
because of a generally lower elemental sensitivity. Employing an energy
dispersive detector system the sensitivity is in the order of 0.1 %wt, while
being in the ppm range using the NMP or even betterusing the
synchrotron X-ray microprobe (SXRF). However, the spread of the SXRF
method will probably be even more limited than the NMP with respect to
the high costs of installing such a facility. An interesting alternative from
cost point of view is the much less expensive capillary XRF, which is
based on the focussing of X-rays from an ordinary X-ray tube. The beam
intensity is however at present several orders of magnitude lower.

All techniques based on detection of X-rays are generally limited to
elements heavier than sodium (Z=l 1) for reliable quantitative analysis due
to a strong absorption inside the sample of low energetic X-ray radiation.
The detection of these light elements wiii therefore very much rely on the
surface conditions of the sample. In this context, the nuclear microprobe is
unique in that several of the light trace elements can be simultaneosly
measured by detection of gamma-rays induced from nuclear reactions
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between the ion beam and the target nuclei (PIGE). Additionally, hydrogen
can be measured under certain circumstances by detection of forward-
scattered ions.

Another strength of the NMP lies in the elemental quantitation by the
PIXE method, which can be made standardless. This originates from the
fact that the interaction processes between the ion beam and the atoms in a
specimen (including the shape of the excitation volume) are well
characterized. Combined with a moderate penetration depth of the ion
beam this will enable for example in situ analysis of fluid inclusions,
which very few other methods can perform without prior crushing of the
inclusions.

Finally, an important feature not related to the analytical properties of the
NMP are the great similarities between the nuclear microprobe and the
electron microprobe, which is widely used especially among geologists.
Since the EMP is almost as widely employed and spread as the
petrological microscope, the NMP should rather easily become accepted
by the geologists. Since the requirements on sample preparation are very
similar, geochemical projects in which a large batch of samples and data
from the EMP already exists, can easily be complemented with trace
element data from the nuclear microprobe.

In the following two chapters some aspects of the nuclear microprobe and
its use in analysis of geological rock specimens will be discussed in some
detail.

\
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3. Adaptation of the Lund Nuclear Microprobe to
applications in geochemistry

The development of a nuclear microprobe in Lund started in the early
1980's at the 3 MV tandem-accelerator. In the end of the same decade a
nuclear microprobe with a high quality beam optical system including
object and aperture collimators, focussing magnets and scanning coils, and
a versatile specimen chamber, was installed. In parallel a dedicated data
acquisition system synchronizing the data acquisition from detectors with
the rastering of the beam was developed. During the early work and
development of the Lund nuclear microprobe the application work was
mainly concentrated in the fields of medicin and biology but as the
microprobe improved considerably at the end of the 1980's other fields of
application were gradually initiated or intensified. It was at this stage that
the author was introduced to the field of geology. Since the tandem-
accelerator was a multi-user system with several active groups of
researchers performing experiments at different beam lines the beam-time
for each group was limited. In this situation the need for a dedicated
accelerator became evident.

During the work on this thesis a new dedicated 3 MV single-ended
accelerator facility was purchased and installed, thereby increasing the
accessibility and conditions for microprobe work considerably. The
importance of this dedicated accelerator establishment in regards to both
efficiency of instrumental development and applications of the method can
in retrospect probably not be exaggerated.

3.1 The Lund Nuclear Microprobe facility

Experimental hall

The nuclear microprobe is accommodated in a dedicated experimental hall
where the circular shape in the floor which supports the NMP is insulated
from the surrounding floor by vibration absorbing material which reduces
mechanical vibrations from the surroundings including the accelerator (to
transmit into the nuclear microprobe). Mechanical vibration measurements
before the accelerator was installed showed the most severe frequency to
be 49.2 Hz with an amplitude RMS of 0.04 \im. The others being about
one order less. After the installation no measurements has yet been
performed.



Accelerator and beam line

The accelerator is a single-ended NEC 3 UH equipped with a radio-
frequency ion source. The rf-source has so far been used for producing
beams of protons and single charged helium ions. For experiments 2.55
MeV protons are routinely employed. In Figure 4 the entire nuclear
microprobe facility from accelerator to analysing chamber is presented.
For transporting and focussing the ion beam onto the object of the
microprobe (g in figure), two pairs of magnetic steerers (mounted
immediately inside the accelerator tank), a magnetic quadrupole doublet
lens (b), a switching magnet (c), and an electrostatic steerer (immediately
before the object) are employed. In the switching magnet the ion beam is
bent 15° to the port where the microprobe is mounted.

Before entering the object collimator of the microprobe the main part of
the beam current, that anyway will not reach the specimen chamber, is
stopped by an air-cooled pre-collimator. After this unit a very soft bellow
is mounted to separate the microprobe from mechanical vibrations
originating from the accelerator. As an object collimator (g) two different
types can be employed depending on the application, one with an
micromotor controlled opening from 1 to 200 micrometres, and one
manually controlled for accurate setting of very small openings in the
range 1 to 200 micrometres. Down stream an aperture collimator (h) limits
the divergence of the beam, adjustable from 1 to 1000 micrometres by
micromotors. Both the object and the aperture collimator are insulated
with soft bellows and supported by large concrete blocks to reduce
mechanical vibrations.

The final focussing of the beam into a microbeam is carried out with an
achromatic quadrupole triplet (i), consisting of an electrostatic quadrupole
triplet accommodated inside a magnetic quadrupole triplet thereby
theoretically compensating for chromatic abberations. For routine use only
the magnetic lenses are employed for focussing of the beam. The lens
package is designed to produce a symmetric focus. Between the lens
package (i) and the specimen chamber (k) a magnetic beam scanning
system based on ferrite-coils is located. With this system the beam can be
rastered with a minimum residence time per pixel of 0.1 ms for fast
imaging applications. The scanning of the beam and the acquisition of data
from detectors in the specimen chamber are controlled and synchronized
by a data acquisition system based on a VMH-computer and a JAVAX host
computer. The system allows rectangle-shaped scans consisting of up to
64 x 64 pixels for routine use with a maximum coverage of about 8 x 8

2 on target, as well as irregular scans defined by the user.
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The vacuum system consists of a turbo pump for continuous pumping on
the acceleration tube, and four oil diffusion pumps equipped with liquid
nitrogen cooling traps being in operation only when experiments are
carried out. The last oil diffusion pump is directly mounted to the chamber
thereby making the time needed for pumping down after the chamber has
been open for sample change as short as possible.

Specimen chamber

In paper IV Figure 2 of the thesis a top view of the specimen chamber is
presented. As can be noted the chamber is rather large and versatile
enabling different detector configurations and thereby different kinds of
experiments to be performed. As standard equipment, the chamber
accomodates a 50 mm2 Kevex Si(Li) detector for X-ray detection, a
surface barrier detector for detection of back-scattered particles (RBS), a
photo-diod detector for scanning transmission ion microscopy (STIM), and
a Faraday cup for beam current integration, the latter two are mounted on a
sleigh manually controlled from outside. On the same sleigh two objectives
(5x) and (40x) are mounted to be used in conjunction with a microscope
viewing the sample from the rear side (transmitted light viewing). This
microscope allows four different magnifications: 50x, 75x, 400x and 600x.
Another microscope, a stereo microscope, is mounted on top of the
chamber viewing the sample from the front side (reflected light) via a
mirror with a hole enabling simultaneous passage of the beam. The
magnification can be tuned continuously up to 300x. Either of the
microscopes can be read out with a CCD camera connected to a monitor
situated besides the set-up. The sample wheel is about 25 cm in diameter
enabling at least 6 ordinary thin polished sections to be mounted at the
same time. Furthermore, the sample holder is computer controlled in the
X, Y, and Z direction from a control board. It is also possible to load
control programs for special movements of the sample wheel.

Optionally, the beam can be let out in a tube mounted in the position of the
rear microscope ending with a fluorescent plate for grid shadow
measurements, or the ion beam can be let out in the free air through a thin
foil for analysis of fragile or voluminous specimens. On top of the chamber
in the position of the stereo microscope an optional detector for
panchromatic light detection (ionoluminescence) or gamma-ray detection
(PIGE) can be mounted. This port also enables mounting of a computer
controlled sample holder stage for ion beam tomography.



Optional is also a channeltron detector for secondary electron imaging,
mounted close to the Si(Li)-detector. At the port opposite to the Si(Li) an
ionoluminescence spectrometer or a second Si(Li) can be mounted. Any
other imaginable equipment can of course also be mounted but those
mentioned above have been employed.

3.2 Problems related to PIXE analysis of geological specimens

Even if the problems related to analysis of any type of sample at a first
glance can seem to be about the same, a few types of problems are
pronounced in the analysis of geological specimens (when others are less
marked). A typical geological sample is often out of necessity rather thick
depending on the preparation either in the form of pressed rock powder
into a pellet or as a polished section of the rock. There are however
techniques available such as ion milling to make very thin samples, but for
processing of large number of samples for routine analysis more efficient
techniques are usually employed. What thick means in this context is a
sample that is thicker than the penetration depth of the ion beam
employed. The penetration depth of a typical proton beam energy of 2-3
MeV is about 40-50 pirn in most common rock matrices. This usually
limits the need of using a beam with high lateral resolution for this kind of
work. However, it also limits the size of the structures that can be analysed
in a thick sample. A typical and usually sufficient beam size is 10
micrometres. Since a typical rock sample is usually very inhomogeneous,
contains a great number of major and minor elements, and has a very poor
thermal and electrical conductivity, some demands are put on the
equipment in the analysing chamber of the NMP. A few topics will be
further discussed below.

Charge build-up

Beam charge integration

High yields of X-rays from major and minor elements

Optical viewing of specimens
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c build-up

When irradiating specimens that are thick and poor electrical conductors,
the samples will become positively charged by the ion beam. After some
charge build-up there will be a discharge where electrons are accelerated
producing an intense background of Bremsstrahlung which may extend to
several tens of keV, thereby increasing the background in the PIXE
spectrum enormously. This effect is demonstrated in Figure 5, where an
emerald mineral was irradiated. This kind of effect can be reduced either
by coating the sample surface with a thin conducting layer of preferrably
carbon or by inserting a hot filament emitting electrons a short distance in
front of the target. The latter solution can however introduce problems in
the charge integration if the charge is measured in the specimen chamber.
Since the samples often are analysed with an electron microprobe for
major and minor elements prior to the NMP the samples have usually
already been carbon-coated to prevent charging up by the electron beam.

Beam charge integration

Since the ion beam is absorbed by the sample the beam charge has to be
measured either on the sample by a current integrator or alternatively
before the ion beam interacts with the sample by using a rotating vane
technique. If the charge is measured on only the sample including the
holder, escape of secondary electrons from the interaction point has to be
prevented by the use of a suppressor put on a negative voltage relative to
the sample. Without a negative suppressor voltage the integrated charge in
our set-up can be overestimated with up to 23 % in the case of a metallic
sample. In carbon-coated poor conducting geological samples, however,
the difference is often negligible. In the rotating vane technique the vane
chops the beam at some frequency and the particles back-scattered from
the vane are measured by a particle detector. An advantage with this
technique is that the secondary electron suppressor can be dismounted and
thereby more space is gained in front of the sample for other detectors.
This technique is widely used and is planned to be installed at our set-up in
a near future.

High yields of X-rays from major and minor elements

A drawback with PIXE in analysing geological specimens is that the
highest X-ray yields ars attained for the lightest elements (found in the low
energy portion of the spectrum) often constituting the matrix of the sample,
in contrast to the XRF methods, where the highest yields are obtained for
elements having characteristic energies slightly below the excitation



energy (which is in the high energy portion of the spectrum). This
nescessitates the use of techniques for suppressing low energy X-ray
photons from reaching the X-ray detector, if the X-ray detector is not to be
completely saturated by these X-rays. The count rate of X-rays in a
commonly used system, a Si(Li) detector system, is typically limited to a
few thousand X-ray events per second. Therefore the different X-ray peak
intensities have to be moderated by means of different filter techniques.
The importance of having a set of different filters (varying composition
and thickness) for trace element analysis is illustrated in Figure 6, where
the P1XE spectra from an analysis of a gamma phase lamella in an iron
meteorite (the Toluca meteorite) with filters of (a) 75 micrometres Mylar,
and (b) 300 micrometres of aluminium covered with another 425
micrometres of Mylar (to prevent back-scattered prouns from interacting
with the aluminium filter) are shown. It is clear that without the use of a
thick filter in this application the trace elements Mo, Ru, and Pd would not
be measured that easily.

A potential drawback of using thick filters is that the information about
low-Z elements will be lost. This can however be facilitated either through
the use of funny filters i.e. filters containing a small hole for enabling
passage of low energy X-rays, or by using a second X-ray detector
optimized for this portion of the spectrum. A less attractive alternative is to
analyse the same spot twice using different filters. In our setup we have
preferred to install a second Si(Li) detector mounted in the port used for
ionoluminescence. This is partly done as a compensation for a current lack
of a filter changing unit in front of the routine Si(Li) detector, which in turn
is due to the higher priority given to obtaining a high solid angle for the X-
ray detector. The solid angle of the detector can either be reduced by
collimation or continuosly adjusted by a sleigh mechanism enabling
withdrawal of the Si(Li) crystal up to 20 cm from the target. However,
back-scattered protons from the sample have to be stopped from
interacting with the Si(Li) thereby preventing detection of the lightest
elements up to about aluminium if a 2.5-3 MeV proton beam is used. A
unit for deflection of protons from the path to the Si(Li) based on strong
permanet magnets has been designed but not yet installed in the setup to
enable detection of light elements below aluminium. Another method is, as
earlier mentioned, to use PIGE for the light elements, with the advantage
of being less surface sensitive. Often however electron microprobe
analysis of major and minor elements is undertaken prior to NMP analysis
thereby reducing the need for measuring these elements routinely.

Another very useful .ype of filters for analysis of geological specimens are
so called critical filters, which are employed to more or less selectively
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suppress dominating peaks in the X-ray spectrum. This is done by
inserting a filter composed of an element being two or three atomic
numbers below the one to suppress. For example can a chromium filter be
employed to suppress iron and still maintain a reasonable transmission for
energies below the characterstic K-lines of iron. Besides a gain in trace
element detection efficiency the background for elements with
characteristic X-ray lines on the low-energy side of an intense peak will be
improved since the corresponding tail to the peak will be reduced if the
peak is suppressed. A typical problem illustrating the tailing effect is the
measurement of uranium and lead in zircons. In paper VII Figure 1 of the
thesis, a P1XE spectrum from a zircon is shown. As can be noted the
detection limits for these elements and others are limited by the
corresponding tail to the zirconium K-lines. This tail is due to different
kinds of processes taking place in the crystal including both intrinsic
processes and technological problems. Usually the effect is accounted for
in the spectrum deconvolution code by supplying the computer code with a
description of the tails from the detector being used. Different methods to
reduce the tail has been investigated (detector collimation, guard rings). In
two of the papers in this thesis the tailing effect is addressed. In paper I the
response function of a Si(Li) detector is characterized and in paper II the
tailing effect is investigated by pulse shape analysis.

In addition to consuming a major part of the acquisition time of an X-ray
spectrum, the detection of intense signals from major elements can result
in pileup peaks interfering with trace elements if not properly suppressed
or if the total count rate is kept too high. The pileup originates when two
X-rays interact with the X-ray detector within a narrow time interval. Thus
the corresponding pulses may be either fully or partially added in the
following pulse shaping electronics. In the case of complete addition, the
pulse height is equal to the sum of the two individual energies. The peaks
resulting from complete addition are clearly seen in the PIXE spectrum of
the iron meteorite recorded with a thin filter in front of the detector as
seen in Figure 6. This problem and how to reduce it is further discussed
and addressed in paper II of the thesis. Even if the X-rays of some of the
light elements such as fluorine, sodium, magnesium and aluminium are
suppressed in the X-ray spectrum, nuclear reactions between the proton
beam and these nuclei will result in an emission of gamma-rays, that may
interact through inelastic scattering (Compton scattering) with the X-ray
detector crystal. This results in an additional background component
covering all energies of interest. In Figure 2 the effects of this component
on the detection limits for elements at higher energies (above the
Bremsstahlung) in a apatite is evident. To reduce the probability for
gamma-ray interaction the Si(Li) crystal should be thin, but this will
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however also reduce the detection efficiency for elements having their
characteristic X-ray lines in the high energy portion of the spectrum
thereby making this approach less attractive. Another approach adressed in
paper V of the thesis is to install an anti-Compton shield operated in anti-
coincidence with the Si(Li) thereby rejecting events caused by gamma-
rays. The detector is still in development but during the fall of 1994 it
should be ready for use.

The effects of pileup and tailing on a spectrum are corrected for in most of
the existing spectrum deconvolution codes for PIXE analysis. Another
effect not touched upon yet being of importance when measuring peaks
that are situated on the low energy side of an intense peak is secondary
fluorescence i.e. the X-rays from the intense peak are absorbed and
reemitted by the low energy side elements but then emitted as being
characteristic X-rays for the latter elements. This may result in an
overestimation of the peak areas (and thereby the concentrations) being at
the low-energy side and should therefore also be corrected for in the
evaluation code. For processing of PIXE spectra acquired from geological
specimens in our laboratory the Geopixe package developed at CSIRO,
Australia is employed. If an application project contains a large number of
samples and analyses, the quantitative results are preferrably imported to a
code for multivariate statistical processing. In paper VIII of the thesis an
example of factor analysis of data obtained from PIXE analysis of ice
cores is presented.

Optical viewing of specimens

In the analysis of individual mineral grains small inclusions of other
minerals can also be present which should be avoided if a representative
analysis of the main mineral is to be obtained. Therefore careful
examination of the sample is of utmost importance both before mounting
the sample in the specimen chamber and while it is being mounted.
Equally important is the time saving through a precise probe positioning.
There are several approaches to sample viewing in the chamber extending
from simple microscopes to using petrological microscopes. When dealing
with opague samples in our setup the microscope on top of the chamber is
used for reflected light examination. For most samples however
transmitted light can be utilized in conjunction with the rear microscope.
The most useful magnification so far has been 50x and 75x and when
needed a form of polarized light can be employed to distinguish minerals
with similar optical properties. An advantage with geological specimens in
comparison to many other kinds of specimens is that several of them emit
visible light under ion beam bombardment, thereby making the probe
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positioning easier. If a high illumination of the sample surface is needed
the light collection lens for the IL spectrometer can be used from the other
direction by focussing light onto the sample surface. The most promising
procedure in our laboratory for finding representative structures for NMP
analysis has been to allow the geologist by using his own high quality
petrological microscope mark regions of interest with a pen or diamond
knife and then eventually take a photo of the region prior to NMP analysis.
Especially when performing analyses without the assistance of the
geologist this has been a very efficient approach, since the probed regions
can also be very accurately marked on the photos.

So far only trace element analysis in one spot has been considered, but
equally important is to have a rapid imaging method for revealing
interesting structures such as zoning patterns not visible to the eye for
subsequent trace element analysis. As earlier discussed trace element
mapping with PIXE can be very time consuming in some applications, and
therefore other complementary techniques have to be developed. In the
electron microprobe, being a comparable technique, back-scattered
electrons (BSE) and cathodoluminescence (CL) are employed for rapid
diagnostic imaging of weak patterns. In the nuclear microprobe back-
scattered ions (RBS) can be used for imaging, the yield is however
considerably lower than in the case of BSE. A corresponding method for
CL also exists, named ionoluminescence (IL) but up until it has not been
investigated for imaging purposes in the nuclear microprobe. The
development of this technique was initiated in a collaboration with the
NMP groups in Melbourne and North Ryde (CSIRO) Australia, 1991. The
potential of this new technique will be further discussed and demonstrated
in the next chapter. The technique is further addressed in the thesis in
paper IV-VII.
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4. lonoluminescence

4.1 Introduction

The general phenomenon of luminescence has been known since ancient
times. There are references dating back as far as to the Chinese, and the
antique Greece and Rome. The first reported observation of luminescence
from a solid dates back to the alchemist Vinchenzo Cashporolo in 1602-
1603. He heated powdered barite with coal and obtained a material that
glowed in the darkness. During the coming centuries numerous
observations were made but it was not until the middle of the 19th century,
that luminescence became subject to systematic investigations through
famous names such as G. Stokes and E. Becquerel. The present research
into luminescence started in the middle of the 1930's. At the same time the
band theory of luminescence was developed. Employing this theory the
luminescence from crystallophosphors (recombinational luminescence),
especially of the ZnS type, could be interpreted. However this theory is of
less interest to geologists since they are more interested in problems
concerning the nature of luminescence from minerals which are of another
origin.The reasearch on crystals with discrete luminescence (impurity)
centres increased during the 195C's when another theory, the crystal field
theory, was introduced.

In contrast to the band theory where the electrons are associated with the
whole mineral, the crystal field theory associates the excited electron with
a particular ion. Since a natural mineral is a very complex composition of
numerous major, minor and trace elements, the research on luminescence
in minerals has developed via preparation of synthetic minerals where
controllable amounts of impurity ions are added. One of the problems with
luminescence is that the luminescence yield is usually not linear and
superpositional as in the case of for example X-ray spectrometry where the
addition of another element to a sample will show up in the X-spectrum as
a characteristic peak with an intensity related to its concentration. Another
problem has been to really measure the abundance of the elements causing
the luminescence in a mineral, since for this task analytical methods with
both high spatial resolution and high elemental sensitivity are needed.
Impurity activated luminescence can often be observed from minerals
containing impurities on a parts per million level (ppm) and sometimes
even on a parts per billion level (ppb) Besides the need of a technique
with high elemental sensitivity a simultaneous detection of the
luminescence is needed to be able to relate the elemental content to the
luminescence. With the electron microprobe it is possible to measure
elements down to about 0.1 %wt using EDX, but with the use of a nuclear
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nricroprobe it will be possible to trace impurity activated luminescence
centres another 2-3 orders down in concentration.

A major part of the following thesis is concerned with the development
and installation of such a system for detection of luminescence produced
from geological specimens to be combined with the PIXE technique in a
nuclear microprobe.

4.2 Luminescence excitation

Luminescence can be regarded as a means of converting different types of
energy into light emission. Depending on the form of the primary
excitation the luminescence phenomenon is named after this. A few
examples are: chemoluminescence induced by chemical reactions,
bioluminescence i.e. luminescence observed in living organisms being a
type of chemoluminescence, electroluminescence related to the application
of high electrical fields and triboluminescence being related to a
piezoelectric behaviour of crystals. In what follows only luminescence
produced under irradiation of a specimen will be discussed.

Photoluminescence: (PL) is the luminescence produced by irradiation of
photons with energies in the interval UV-visible light-IR. If the use of
visible light is considered it is in contrast to irradiation of particles or high-
energetic electromagnetic radiation, very simple and pure in its character
since no ionisation of the ions in the sample occurs, only excitation.
However, if UV light is employed, ionisation of the ions and thereby
electron-hole production very similar to the following methods is attained.
Due to the more simple interpretation and equipment for the experiments,
the method has been extensively employed in investigations of the
luminescence phenomenon.

Röntgenoluminescence is induced by X-rays usually obtained from an X-
ray tube. The intensity and the effects of the radiation is something
between photoluminescence and irradiation with charged particles. Since
more energy is deposited in the crystal other phenomena than that
observed with PL can be observed.

Cathodoluminescence: (CL) is luminescence excited by electrons of a few
tens of keV generated and accelerated in a cathode tube. It is often used as
a complementary method of analysis in the electron microprobe or as an
attachment to a petrographical microscope. The radiation is rather intense
and therefore luminescence from most minerals not being a conductor and
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optically not opague can be observed. The intense irradiation may however
also induce damages to the crystal thereby make the crystal less
luminescent after some time of irradiation.

Ionoluminescence: (IL) is the luminescence induced by heavy charged
particles. Characteristic to this type of radiation is that the energy
deposition is even more dense than with electrons and thereby pronounces
the beam damage effects even more but also enabling studies of
phenomena not readily obtained with other kinds of radiation.

Thermoluminescence may be emitted when a crystal containing electrons
trapped in metastable states of long life times, is heated slightly. The
excitation of the crystal took place at some earlier time by some form of
ionising radiation. Instead of emitting luminescence immediately the
excited electrons are trapped. The rate at which deexcitation occurs is very
low at ambient temperatures. Therefore these crystals will store
information about the time they have been irradiated or at least the time
since last heating up.

Thermoluminescence may also be present in CL and IL in cases where the
sample temperature is raised considerably due to poor thermal
conductivity combined with high energy deposition. In such a case
incandescence may also occur. CL and IL can also to some extent contain
contributions from photoluminescence, electroluminescence and
röntgenoluminescence.

4.3 The luminescence phenomenon

Independent of the excitation source employed for luminescence
generation, the luminescence arises as a result of electronic transitions
between energy levels of the same activators. When comparing PL with
ionising radiation (including UV light) the luminescence induced by the
latter radiation can be considered as being sensitized by the lattice since its
basis is formation of electron-hole pairs from different kinds of interaction
processes with the crystal, that in the next step involves transfer of
absorbed energy to some or other luminescence centres. This can however
result in changes in the luminescence spectrum from additional energy
levels becoming emissive and transitions occurring onto new levels formed
thereby introducing new lines and changes of relative intensities of other
lines. However, through irradiation with ionising radiation non-radiative
transitions may also be introduced. This may in some cases result in a
lower luminescence yield for ionising radiation than for PL. Besides the
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different means of interaction the penetration depth of different types of
radiation can influence the luminescence spectrum through the absorption
losses and internal reflections the luminescence suffer from when passing
through the sample. In this context the type of detection system used for
the luminescence is also very important.

4.3.1 Luminescence generating centres

By definition luminescence that ceases within 10~8 s after the excitation
source is turned off is denoted as fluorescence i.e. the excited electron
returns directly to the ground state. If the luminescence persists after the
source has been removed it is denoted as phosphorescence i.e. the
deexcitation process involves a metastable level. In most applications of
luminescence to geological materials no destinction is made between the
two types. Phosphorescence can be of some importance in imaging
applications with short residence times, since the image can be somewhat
distorted due to this effect.

The luminescence from a mineral is partly affected by the presence of
impurity atoms (extrinsic luminescence) and partly by other structural
defects in the crystal lattice (intrinsic luminescence) such as non-
stoichiometry. In practise the most important type in minerals is the
luminescence that can be associated with the presence of impurities. Some
impurities act as activators of luminescence, others as quenchers, and yet
another group that only affect the luminescence if being present together
with another element, a so called coactivator or sensitizer Since the
luminescence in minerals usually does not involve electron transitions
connected to the conduction band (except sulphides of the ZnS type) it is
convenient to base the discussion of luminescence centres on the electron
configurations. The most important groups of impurities for luminescence
in minerals are the ions of the transition metals and the rare-earth elements
(REE). A third group of some importance and very similar to the REE
group is the actinide group. The strength of the interaction between the
energy levels involved in the luminescence emission in an impurity and the
crystal field depends on several factors such as electron configuration,
valence state, and coordination. This results in some types of luminescence
centres, that show narrow peaks in the luminescence spectrum while
others show broad emission oands.

The transition metals include both one of the most important elements for
both luminescence activation, manganese (Mn2+), and for quenching, iron
(Fe2+). Typical for this group of elements is an unfilled 3dO~9) shell in
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the electronic configuration. In minerals where iron is a rather abundant
element the luminescence is often efficiently quenched. The importance of
manganese as an activator originates partly from that it often substitutes
for very abundant ions such as Ca^+ and Mg2+ and that the luminescence
yield is high resulting in manganese ions on a parts per million level that
sometimes can be detected. An example of such a case is presented in
paper V Figure 5 of the thesis where the manganese distribution in a sea
shell has been measured. In the ground state the manganese atom has the
electronic configuration

In the excited state, Mn2+ , the outer two 4s electrons are lost, and left is
an ion with a half filled outer 3d electron shell. This makes the electrons
easy to excite but it also makes the electronic energy levels very sensitive
to the surrounding crystal field and the luminescence spectrum will
therefore not be a characteristic property of the ion, but rather a property
of the crystal. Characteristic for the resulting luminescence spectrum of an
ion that is influenced by its environment is therefore a broad emission band
with a variable peak centre depending on the type of mineral. An example
of this can be found in paper V Figure 4 of the thesis, where the
manganese activated luminescence spectra from a calcite and an aragonite
matrix, respectively, are presented.

To understand the reason behind why the luminescence spectrum from rare
earth elements (REE) can show narrow peaks in contrast to the above, the
electronic configuration once again has to be studied. In its complete form
the electronic configuration can be written as

where the underlined 5d^ electron is only present in the configuration for
Ce, Gd, Tb and Lu. As can be noted, the REE group has an unfilled 4f
shell, which is shielded from the surrounding environment by at least two
completely filled outer shells, 5s25p6. As ions the REE are usually found
as being in a trivalent state in minerals but some of them can also be found
in a divalent state such as Eu2+ and Sm2+. The excitation and the
resulting luminescence are associated with two types of transitions: those
within the 4f shell f-f, and those taking place from 4f to higher excitation
levels such as 5d (f-d) and higher. For the RE^4 ions the f-d transitions
occur in the UV region and do not overlap the f-f transitions in the visible
range, whereas in the case of R£2+ the f-d and f-f transitions both show
up in the visible range and may therefore overlap. In paper V Figure 14 of
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the thesis an IL spectrum from a REE activated apatite is shown. As can
be seen the spectrum consists of a large number of peaks and each peak
has a fine structure. Since the f-f transitions are shielded the influence of
the crystal field is reduced and therefore the energy levels involved are
less sensitive to the lattice site and type of mineral for the ion. The fine
structure of the peaks and the relative intensities of the major groups of
peaks, on the other hand, are more dependent upon the characteristics of
the crystal such as; lattice site, ion concentration, and presence of co-
activators, thereby making use of luminescence as a general quantitative
tool very difficult. As a tool for qualitative analysis the ionoluminescence
can however be a very useful tool since it is sensitive to the crystal
chemistry even if the causes behind a variation in the luminescence yield
from the mineral are poorly known.

Besides the extrinsic and intrinsic luminescence, the luminescence from a
specimen very much depend on the surface conditions. Scratches and
cracks can affect the luminescence at least through producing reflections
and scattering around these defects. Also the treatment of the sample
surface such as carbon coating may be important for the luminescence
yield. In paper VII of the thesis the sensitivity for such defects are
demonstrated on zircons.

4.3.2 Temperature and time dependent ionoluminescence

Since the IL yield in some types of minerals varies strongly with the
temperature, changing the temperature of the sample under investigation is
a potential source of additional information. In some minerals a lower
temperature can increase the IL yield. A lower temperature can also
change the time-dependence of the IL yield during ion beam
bombardment. One mineral, which IL yield regarding both intensity and
spectral composition is sensitive to a change in temperature, is quartz. In
Figure 8 IL spectra from a quartz crystal obtained at room temperature and
at about -130 °C, respectively, are presented. At room temperature the IL
colour changed from blueish to reddish after a few seconds of irradiation
while the IL colour remained blueish and initially showed a higher yield
when irradiated at the lower temperature. Similar changes have also been
observed in CL work on quartz. In Figure 9 the time-dependence of the
panchromatic IL yield at room temperature and -130 °C is shown. Figure
10 shows the initial increase of the emission band centred at about 5700 Å
in the spectrum obtained at room temperature that was shown in Figure 8.
Generally, however, the IL yield decays to some extent during ion beam
bombardment at ordinary settings (2.5 MeV protons, 3 nA in a 10 u.m



beam spoi) By changing parameters such as beam energy, type of ion
beam, beam current or beam size, the energy deposition per sample
volume, the time-dependence of the IL can be changed. Time dependent
IL damages in plagioclase are further addressed in paper VI of the thesis.

4.4 Instrumentation

The detection system required for IL studies depends strongly on the
intended application. If IL is to be employed for spectroscopic studies a
more complicated and expensive system is needed than if IL is to be
employed as just a complement to other techniques for quick imaging of
geological specimens in a nuclear microprobe. Independent of which
application, the working conditions in the laboratory will probably change
drastically since light generated at other places than in the sample under
investigation will become an enemy.

4.4.1 Imaging

Imaging of a specimen can be performed either by rastering the microbeam
over the specimen surface or by using a fixed broad beam. In the former
case the IL detector recording is synchronized with the rastering and in
the latter the whole area is instantaneously recorded by a two dimensional
detector (conventional camera or a CCD camera). An advantage with the
latter approach is that the lateral resolution can be higher and the potential
problem with image distortion by phosphorescence can be avoided. If the
IL is to be a simultaneous complement to other techniques the rastering
method is preferrable.

A photomultiplier tube (PMT) linked to some type of light collection
system for panchromatic imaging (total light) is a very light sensitive,
simple and convenient system for IL detection (as being in the EMP for
CL studies). The PMT can be operated in either sc called current mode,
where the current produced by the incident photons is measured, or in
single photon counting mode, where every single photon is registred as
being an event, thereby also obtaining a higher sensitivity. Our experience
is that almost the same structures can be revealed with a panchromatic
system as with a wavelength dispersive system, the only difference being
that in the former system a variation in the IL can be due to either a change
in the IL intensity or the IL spectrum being changed, while in the latter this
can be controlled. With a panchromatic system the detection efficiency is
higher than if some type of monochromator is placed between the
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luminescence source and the detector, thereby enabling a reduction in the
beam current (less beam damages). Besides panchromatic mode operation
we have in our IL setup a high light through-put filter monochromator
which can be used in the range 4000-7000 Å with a bandwidth of 100 to
400 Å depending on the setting of the slit width. This device is mainly
used for large area mapping of different luminescence bands identified
from prior spectroscopic mesurements. It has been particularly useful for
rapid mapping of some trivalent REE ions. A few applications are
presented in paper V and VII of the thesis.

For light collection several possibilities are available such as lenses, and
mirrors of different shapes. Light collection through one of the eyepieces
of the optical microscope on the chamber is a simple approach which does
not affect the space for other detectors in front of the sample, as the use of
a more efficient light collection system in form of a mirror with 2n or 4rc
solid angle coverage will do In our initial setup we preferred to integrate
the IL system with other detector systems inside and outside the chamber
to enable simultaneous use of the various detector systems, thereby
however sacrificing some solid angle. The light is collected be means of a
condensor lens positioned close to the luminescence source. After this lens
the light is passed through a vacuum sealing window and into the PMT or
alternatively via the filter monochromator.

Independent of the choice of system an important detail to point out is the
use of non-luminescing materials inside the chamber, otherwise back-
scattered ions can contribute with some spurious luminescence.

4.4.2 Spectroscopv

For spectroscopic studies with our IL detection system the light is passed
further through another lens after the vacuum sealing window, focussing
the light onto the entrance slits of a high resolution scanning grating
monochromator (focal length 350 mm, resolving power better than 1 Å).
Since all configurations of the IL system are employing the same port on
the chamber, the setup has to be modified depending on the application.
The same PMTs as used for imaging are employed for spectroscopy, one
is a Hamamatsu R585 with a dark current of below 1 cps and with a
wavelength range of 1600 - 6500 Å, the other a Hamamatsu R943 with a
dark current of 8 cps when cooled to -30 °C and with a broad wavelength
range of 1600-9400 Å. The importance of selecting a PMT with a suitable
response curve for the application is illustrated in Figure 7, where the two
PMTs have been used for analysis of a plagioclase. At the present moment
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the short wavelength cut-off is set to be about 3000 Å by the construction
material in the lenses. The lens system is however just about to be updated
with lenses made of quartz to enable studies of IL down to about 1600 Å.
However, since the luminescence in our setup is passing through air,
absorption of short wavelengths in the air has to be considered to enable
studies in the UV range.

Using scanning monochromator systems the spectrum recording may be
rather time consuming (about 20 minutes, 5 Å/s and 4000-10000 Å) but
more importantly the beam induced damages will then vary with the
wavelength. All kinds of minerals investigated thus far seem to show some
decay in the IL yield during spectrum recording, typically a few times
during a few hundred seconds of irradiation. A very interesting mineral in
this context is quartz which IL changes colour during irradiation.

There are however alternatives to using a scanning monochromator and
thereby avoiding problems related to the scanning. By employing a
compact solid state photodiod-array detector consisting of 512 or 1024
tiny detectors aiTanged in an array having a size of a few tens of
micrometres each, the entire IL spectrum can be simultaneously recorded
when linked to a spectrograph (a monochromator without exit slits). With
an array of fixed length, a change in the spectral coverage and the
resolution is obtained by using a set of different gratings with different
number of groves per millimeter. A grating with more groves per
millimeter will increase the dispersion of the light but since the size of the
array is limited the spectral coverage will consequently decrease. To cover
the entire spectrum using such a grating requires that several recordings to
be performed each corresponding to one portion of the spectrum. Such a
system is about to be purchased and installed at our nuclear microprobe.
Besides a probably drastic improvement of the efficiency of the work,
beam damage processes affecting the IL yield will probably be more
comprehensively investigated, when subsequent IL spectra with short time
intervals can be recorded.

4.5 Applications of ionoluminescence in geochemistry

Several of the problems encountered in ionoluminescence are very similar
to problems in CL, since both methods generate luminescence through
charged particle bombardment. The knowledge and database obtained in
CL work can therefore also be very useful in IL work. Several studies are
in progress comparing the information that can be obtained by CL and IL.
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CI. lias shown to be a very useful tool in the electron microprobe and the
same trend is probably to be expected for IL in the nuclear microprobe.
The applications of ionoluminescence are probably numerous, but below a
few fields of application are listed.

a) From the IL colour different minerals can quickly be identified.

b) Zoning patterns and other inhomogenieties in mineral grains can often
be quickly revealed by IL.

c) Some trace elements such as transition metal ions and trivalent rare
earth element ions can in some cases qualitatively be quickly mapped.

d) The IL spectrum of a mineral can give information about the
conditions in which it was formed by measuring for example the
Fe3+/Fe2+ ratio in plagioclases or by revealing different generations
of zircons in a rock.

e) IL can be used to identify an area for trace element analysis with
PIXE or the area already probed can be found by IL mapping through
the beam damages induced in the irradiated spot.

f) IL in simultaneous combination with PIXE can be a useful tool in the
search for trace elements affecting the luminescence yield either as
activators or quenchers.

g) IL can probably be useful in beam damage studies, since IL is sensing
the changing conditions in the specimen during ion bombardment.

\
I
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5. Figures and legends

1. The principles for neutron activation analysis. During neutron
irradiation the induced activity steadily increases until the activation is
interrupted. After irradiation the induced activity starts decaying and,
depending on the elements to be measured, the duration of the cooling
time can be adjusted.

2. PIXE spectrum from an apatite mineral from Halland, Sweden, induced
by 2.55 M^V protons. The X-rays were filtered through 775
micrometres of Mylar before entering the Si(Li) detector. The
background induced by Compton scattering of gamma-rays in the X-ray
detector is notable. A few X-ray lines have been labelled, the L-lines of
the rare earth elements being denoted REE.

3. PIGE spectrum from a granite rock from Halland, Sweden, induced by
5 MeV protons. The spectrum was acquired with a high purity
germanium detector. Sample matrix composition: SiO (71 %wt), AI2O3
(13.2 %wt), Na2O (3.1 %wt) and a remainder consisting of Fe, K, and
Ca oxides.

4. The Lund Nuclear Microprobe facility.

5. Charging up effects during proton bombardment of an emerald mineral.

6. The effects of using different filters in front of the X-ray detector. The
spectra are obtained from an analysis of a gamma-phase lamella in the
Toluca meteorite. In the upper spectrum (a), obtained with a 75 jim
Mylar filter, only the matrix elements iron and nickel, and their pileup
peaks denoted pileup can be observed. In the lower (b) a filter
consisting of 300 jim Al and 425 urn Mylar was employed. Besides the
two matrix elements, trace elements (Mo, Ru, Pd) with an abundance
of only a few ppm each can be discerned

7. A Fe3+ activated plagioclase from the Skaergaard Intrusion, East
Greenland, obtained with two photomultipliers of different response
curves: (a) Hamamatsu R585 and (b) Hamamatsu R943.

8. lonoluminescence spectrum from a quartz crystal obtained at (a) room
temperature, (b) -130 °C.
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9. The panchromatic ionoluminescence intensity as dependent on
irradiation time for a quartz crystal at: (a) room temperature
(b)-13()0C.

10. The ionoluminescence yield at 5700 Å as dependent on irradiation time
for a quartz crystal at room temperature.
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Figure 4. The Lund Nuclear Microprobe facility. The labels in the figure
correspond to different beam optical units along the microprobe beam line
as follows.

a. Turbo pump in continuous operation.

b. Prefocusing magnetic quadrupole doublet.

c. Switch magnet deflecting the beam 15° into the microprobe line.

d. Diffusion pump in operation only during experiments.

e. Energy stabilising slit

f. Beam stop

g. Object collimators - the first being used for pre-collimation and the
second for defining an object in the range 1 -200 micrometres.

h. Aperture for limitation of the beam divergence.

i. Achromatic quadrupole triplet for focusing of the beam onto the
sample surface in the specimen chamber. It consists of an electrostatic
triplet encompassed by an outer magnetic triplet.

k Specimen chamber
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8. Summary of the thesis

8.1 Paper I

"Characterization of the response function of a Si (Li) detector using an
absorber technique "

N. P.-O. Larsson, II. A. S. Tapper and B'. G. Martinsson

Paper I was published in Nuclear Instruments and Methods in Physics
Research B43 (1989) 574-580. It should be noted that the author, N. P.-
(). Homman, was writing under the name N P.-O. Larsson in those days.
The author is responsible for all parts in the paper.

Reliable PIXE analysis, based on Si(Li) detectors, of trace elements
situated on the low energy side of characteristic X-ray lines from major
and minor elements, usually requires that the tailing effect is corrected for
in the spectrum deconvolution. Especially when the trace element peak is
very close in energy to the dominating peak, tail correction is of major
importance. A typical case in many geological applications is the
measurement of traces of manganese in a usually iron rich matrix.

For characterization of the response function of a Si(Li) detector
monochromatic X-rays of adjustable energy are preferrably employed, if
available. In this paper the non-Gaussian response function of a Si(Li)
detector has been measured for characteristic X-rays using a method based
on the different response to an attenuating filter placed in front of the
detector for the detector tail as compared to fully absorbed photons in the
same position in the spectrum. The energy interval 1.5-8.6 keV was
studied, which is the region where the detector tails are most severe, and
where most often major and minor elements in geological matrices are
fo md.The line shape function could be described by; a full energy
Gaussian, a shelf, an exponential, and a Si-escape component.
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8.2 Paper II

"Improvements through pulse shape analysis in X-ray spectroscopy
using Si (Li) detectors"

N. P. -(). Homman and P. Kristiansson

Paper II has been submitted to X-ray Spectrometry for publishing. The
author is responsible for all parts in the paper with exception of details in
the electronic setup for the experiments.

Pileup, which originates from two X-ray photons interacting with the
Si(Li) detector in a narrow time interval, and thereby being partially or
completely added in the pulse shaping electronics that follow, can interfere
with other elements in the X-ray spectrum, hence reducing the detection
limits for some elements. In a conventional PIXE system the pileup pulses
are usually discriminated down to a pileup interval being in the range of 1
microsecond. For further improvement of the pileup interval a so called on
demand deflection system can be employed. With such a system the pileup
interval can typically be reduced to about 0.3-0.5 microseconds. To go
below that other techniques have to be considered. In this paper pulse
shape analysis using fast commercial electronics was used for studying the
X-ray pulses from the preamplifier of the Si(Li) detector. By a
combination of requirements on the rise time of the pulses using leading
edge, constant fraction, and zero crossing discriminators the pileup interval
could be reduced to about 100 ns for energies above 8 keV in the X-ray
spectrum, which usually is the most important range with regards to
background in PIXE spectra and trace elements in geological specimens.

Furthermore, the possibilities of discriminating pulses belonging to the tail
of the Si(Li) detector response function were investigated. In the previous
paper the response function of the detector was characterized. If the
detector tailing by some means could instead be reduced an improvement
in the detection limits for some elements could be obtained. By pulse
shape analysis the tailing effect was observed and pulses isolated, but no
major reduction in the background could however be achieved.



8.3 P a p e r III

"Development of an anii-Compton shield for a Si(Li) detector employed
in P1XI-: analysis"

M. lilfman, N. P.-O. Horn man, and P. Kristiansson

Paper III has been submitted to Nuclear Instruments and Methods for
publishing. The author is responsible for all parts in the paper with
exception of details in the electronic setup for the experiments.

In nuclear microprobe analysis of geological specimens employing PIXE,
and a proton beam of about 2-3 MeV, the detection limits for elements
having characteristic X-ray lines in the high energy portion of the spectrum
above the secondary electron Bremsstrahlung is often limited by
background produced from interaction of high energetic gamma-rays with
the X-ray detector crystal. Since the gamma-rays are produced in nuclear
reactions between the proton beam and elements such as F, Na, Mg, and
Al, which are often found as being major constituents in a great number of
minerals, the problem is of great importance. In gamma-ray spectroscopy
so called anti-Compton shields are used for suppressing the background
component originating from Compton scattering in the primary detector
crystal. The principle for the method is to register the scattered gamma-ray
in a second detector simultaneously with the scattering event in the
primary X-ray detector, thereby the event can be discriminated from
further processing. To attain as a high efficiency as possible of an anti-
Compton shield the second detector has to be mounted inside the detector
cryostat and encompass as large a part of the primary detector as possible
apart from the entrance side. To the authors knowledge no such
modifications have been undertaken earlier on a Si(Li) detector for X-ray
analysis. In this paper the technique is investigated by the use of a plastic
scintillator read out by a PMT as an anti-Compton shield. The efficiency
of the shield was low, as expected, but the technique proved to work
satisfactorily. Calculations on the expected efficiency with a BGO shield
showed that it should be possible to design an efficient anti-Compton
shield for a Si(Li) detector without sacrificing too much in solid angle.
Therefore, in the next step in the project the plastic scintillator is replaced
by a BGO scintillator according to the calculations presented.
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8.4 Paper IV

"Imaging with umnluminescence (IL) in a nuclear microprobe"

('. Yang, N. PA). Larsson, K. Swietlicki, K. G. Malmqvist,
I). N. Jamieson, and C. G. Ryan

Paper IV was published in Nuclear Instruments and Methods in Physics
Research 877 (1993) 188-194. It should be noted that the author, N. P-
(). Homman, was writing under the name N. P.-O. Larsson in those days.
The author is responsible for all parts in the paper.

The electron microprobe is equipped with several analytical methods such
as back-scattered electrons and cathodoluminescence that can be
employed for fast imaging of geological specimens to identify interesting
structures for further investigations. Such a fast diagnostic tool has been
lacking in the nuclear microprobe for geological specimens. Therefore, a
project was initiated as a collaboration between Lund and the two nuclear
microprobe laboratories in Melbourne and North Ryde, Australia for
investigation of the possibilities of employing luminescence induced by
heavy ions as such a tool.

As the ion beam of a few MeV energy impinges on a geological sample,
visible light can often be observed. This light is »amed ionoluminescence
(1L). The paper describes the installation of a detection system for
ionoluminescence and the potential of the technique is investigated and
discussed. As a tool for fast imaging the method proved to be very useful
for some types of matrices. A sensitivity for chemical variations in the
specimen was observed, thereby making IL a promising complement to
other well established IBA techniques such as PIXE and RBS, which
generally are rather insensitive to chemical variations.
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8.5 Paper V

"lonoluminescence - A new tool for nuclear microprobes in geology"

('. Yang, N. P. -O. Homman, K. G. Malmqvist, L. Johansson,
N. M. Halden, and V. Barbm

Paper Vhas been submitted to Scanning Microscopy for publishing. The
author is responsible for all parts in the paper with exception of
geological conclusions and descriptions.

The luminescence can be caused by structural defects in the crystal such as
nonstoichiometry, or by impurities. Some impurities can in some matrices
be detected by luminescence when being present on a parts per million or
even parts per billion level. At higher concentrations (per cent level) self
quenching effects of the luminescence can occur. For some elements such
as REE3+ the luminescence spectrum shows narrow peaks and for other
elements such as Mn2+ broad emission bands can be observed. Since
natural geological specimens can be rather inhomogeneous, there is an
obvious need of measuring the luminescence simultaneously with the
elemental composition on a micrometre scale if impurity activated
luminescence is to be investigated. The potential of combining PIXE and
IL is demonstrated on a number of different minerals including both
synthetic and natural samples. The paper also compares IL in a nuclear
microprobe with CL in an electron microprobe. Since the first paper the
instrumentation has been improved, especially in regards to spectroscopic
studies.

\
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8.6 Paper VI

"Plagioclase studies by IL (umolummescence) and PIXJi employing a
nuclear microprohe "

A'. /'.-(). Homman, C. Yang, K. (i. Malmqvist, and K. Hanghöj

Paper VI has been submitted to Scanning Microscopy for publishing. The
author is responsible for all parts in the paper with exception of
geological conclusions and descriptions of the samples.

This project was initiated as a P1XE application, but spectroscopic
measurements by IL showed a strong luminescence activated by
Since the Fe3+/Fe2+ ratio is playing an important role in geochemistry
through revealing information about the oxidation state during mineral
formation, the work focussed on this issue. It is not yet clear if the Fe2+

also act as an activator in plagioclase, but with the assumption that all iron
is present either as divalent or trivalent ions, the Fe^+ related to the total
iron concentration should reveal corresponding information. In the paper a
relationship between the expected relative oxidation state from geological
evidences and the Fe^+/total Fe measured by means of IL and PIXE was
found. However, the conclusion of the study was that more comprehensive
studies are needed to prove and develop the method.

The activation centres behind luminescence are generally poorly known in
natural minerals. The IL spectra are compared with the trace element
content and compared with the CL literature in the field. Problems related
to IL yield decay during proton beam bombardment are also discussed.

i
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8.7 Paper Ml

"('haracterization of zircon crystals from Sri Lanka employing electron
microprobe and nuclear microprobe techniques"

N. P.-O. Homman, ('. Yang, K. (i. Malmqvist, L. Johansson,
N. (i. Lövestam and S. Claesson

Paper VII has not yet been submitted but will in a later version containing
also ion microprobe analyses and optical photos be due for submission to
a geological journal. The author is responsible for the analyses carried
out at the electron microprobe and (he nuclear microprobe.

The aim of the project was to find zircon crystals that can be employed as
reference standards in U-Pb ion microprobe analysis. Crystals from a
museum collection of zircons from Sri Lanka were selected on the basis of
size, clearness, density, optical, and magnetic properties. Using warm
Clericis solution, crystals with a density > 4.6 were selected, and the
crystals with the lowest magnetic susceptibility were identified using a
highly sensitive Kappabridge KLY-2 magnetic susceptibility meter. For
further studies, 26 crystals were selected.

Based on the P1XE analysis of U and Pb concentrations 7 zircons were
selected for further characterization in an electron microprobe by back-
scattered electrons (BSE) and cathodoluminescence (CL), and in a nuclear
microprobe by ionoluminescence (IL) and PIXE. The BSE did not reveal
any structures, but both CL and IL showed some structures that could
mainly be related to fractures in the crystals.

In conclusion, two zircons were found to be homogeneous and thereby
promising candidates for future ion microprobe standards, provided the
isotopic compositions of the crystals do not vary. The paper also
constitutes a demonstration of the complementarity of the different
techniques.
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8.8 Paper VIII

"PIKE analysis as a tool for dating of ice cores from the Greenland ice
sheet"

11. ('. Hansson, H. Swietlicki, N. P.-O. Larsson and S. J. Johnsen

Paper VIII was published in Nuclear Instruments and Methods in Physics
Research B75 (1993) 428-434. It should be noted that the author, N. P.-
O. Homman, was writing under the name N. P.-O. Larsson in those days.
The author is responsible for the experiments carried out in the
accelerator laboratory and for the P1XE spectrum deconvolution.

By analysing seasonal variations in deep ice cores fast climatic changes in
the past can be studied. This is of high importance since this knowledge
can be applied to the understanding and prediction of changes in the
climate in the present age. Since the methods commonly used for dating of
ice cores such as measurements of, oxygen and hydrogen isotopes, nitrate,
acidity, or conductivity all meet problems when the annual ice layer
thickness decrease to 2 cm and less other means have to be found.

In this paper a technique for analysing ice cores with a spatial resolution of
about 1 mm is presented. Ice cores cut to a dimension of about 1 8 x 2 x 2
cm-* were laid on strips of Kimfol to slowly sublimate in a temperature of
-10 °C and a pressure of 1 torr. The remaining deposit after the
sublimation was subsequently analysed for the elemental composition by
PIXH employing a millibeam (10 x 1 mm^) of 2.55 MeV protons. The
beam size was limited to a width of 1 mm since prior experiments
indicated an uncertainty of about 1 mm in the sublimation process. The
resulting detection limits for the twelve elements Si, S, Cl, K, Ca, Ti, Cr,
Mn, Fe, Ni, Cu, and Zn, were for the material contained in the ice in the
range of a few ppbw. Through factor analysis and VARIMAX rotation
two factors could be identify J, the first one with high factor loadings on
Si, S, Ca, Ti, Mn, and Fe probably being of soil dust origin, the second a
sea-spray factor with high loadings on K and Cl. The third factor retained
showed a varying composition but had in most cases Cr as the dominant
element. The annual thicknesses in the analysed ice sections from the
period 8500 - 10000 years B.C. were estimated to be between 1.2 and 2.5
cm.
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