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1. General Introduction

1.1 Ion Beam Analysis facility

The subject of elemental analysis has always been of paramount
importance. In the realm of natural sciences and modern technology, the
main task remains related to the determination of different elements and
compounds present in the specimens at different concentration ranges. A
myriad of analytical methods are presently available and more continue to
come to light and find appropriate application in different fields.

The exhaustive investigation of atom and nucleus during the late
19th century enabled the discovery of radioactivity and other atomic and
nuclear phenomena like, for example, the X-ray emission by electron
excitation. These facts galvanised the scientists, who targeted their
attention to the atom and nucleus as object of analysis and, since then,
many different spectroscopic techniques based on nuclear properties or
phenomena were developed. The first experiments using ions as probes, as
a subset of these nuclear methods, were designed early this century and
normally in all of them, alpha particles were used which were readily
available from natural radioactive sources. It wasn't, however, until the
1930's, with the advent of particle accelerators, that copious fluxes of high
energy ions could be produced and used with analytical capability. The
second most important technological breakthrough was the development
of solid state particle detectors in the late 1960's which enabled the rapid
evolution of the instrumental, Ion Beam Analysis (IBA) techniques.

IB A techniques are based on the different kinds of interactions of a
high energy ion beam (several MeV/amu) with matter. The detection of
the products of such interactions ( X-rays, gamma rays, light, charged
particles or nuclei ) can provide a wealth of information regarding
elemental distribution and concentration as well as the chemical state of
the analysed specimen. Several qualities of the IBA techniques, such as
the high sensitivity, the possibility of combined use of different
techniques during the same measurement, the non - destructiveness allied
with the possibility of absolute quantification in some of them, have
attracted the attention of multidisciplinary teams of researchers. This
allowed their rapid development during the two decades, since the early
1970's, to become well established analytical techniques finding
applications mainly in bio-medical, archaeological, geological and
environmental studies.

However, the need for a small accelerator with commissioning
prices in the several hundreds of thousands USD range, hampers a wider
spreading of these techniques. Eventually some laboratories can have
inherited from early nuclear physicists, small Van de Graaff accelerators



which are suitable for use in IBA. In these cases accelerator based IBA
techniques can be installed at no expense.

One of the goals of this work was setting up an IBA facility at the
existing low energy (500 keV) Van de Graaff particle accelerator at the
Department of Physics of the Eduardo Mondlane University (EMU). The
accelerator was commissioned in the late 1960's and, as in many
laboratories, had been used for early nuclear physics experiments.
Following some shift in the profile of the department towards atomic
physics in the early 1970's, no more development of the peripherals was
made. The mid 1970's brought up a new rather unstable political
environment that ended in the migration of all the staff and the research
installations were deemed to abandon. This is basically the starting point
in the late 1980's when the first generation of mozambican physicists just
came out of the bench and brought about some ideas on how to make use
of the available scientific infrastructures. This fact constitutes the main
motivation for installing an IBA facility at the Department of Physics of
the Eduardo Mondlane University (EMU), Maputo.

This work can be, therefore, seen in the framework of a long term
research capacity building including training of skilled personnel and
building up of analytical facilities for multi-disciplinary users.

1.2 Application of Nuclear Microprobe Techniques in geological studies

The natural abundance of elements on the crust of the Earth is very
uneven. Only eight elements make up 98,6% of the earth's crust, which
means that the remaining 84 are present in very tiny amounts. These minor
and trace elements, present at sub-percent to parts per million (ppm)
levels, are good indicators of different geological conditions during
mineralisation, since their distribution pattern can vary in a very wide
range and, therefore, are the main object of study in Earth Sciences. Some
IBA techniques, like particle-induced X-ray emission (PIXE),
ionoluminescence (IL) and nuclear reaction analysis (NRA) are suitable
for analysis of geological samples due to their sensitivity (tens ppm
readily achievable with PIXE in a ten-minute run, for elements heavier
than Na), possibility of combined use in the same run, non-destructiveness
and possibility of absolute quantification.

Different analytical techniques, for instance, atomic absorption
spectroscopy (AAS) and X-ray fluorescence spectroscopy (XRF), have
been used in geological studies of bulk samples for long time now, with
inherent advantages and disadvantages, which are presented in detail
below. However, on the possibility of studying micrometer sized
distribution patterns without destroying the samples, in a reasonable



measuring time and yet with detection limits going down to the ppm level
for the majority of the elements, lies the powerfulness of the IBA
techniques in microscopic mode known by the generic name of nuclear
microprobe (NMP) techniques.

In a nuclear microprobe, the ion beam (normally protons) passes
through a micrometer-sized probe forming slit and this object is further
demagnified by a magnetic lens to form the microprobe. The proton micro
probe can then be scanned through the surface of the sample and the
spectra collected at each point are used to generate digital maps with
colour or height coded values of the elemental concentrations.

Different microprobe (microscopic) techniques have been applied in
geological studies: the classical optical microscope (known as
petrographic microscope) and scanning electron microscope (SEM) don't
have analytical techniques associated to them. In electron microprobe
analysis (EMPA), the sensitivity to trace elements is normally two orders
lower than in its ion equivalent PIXE, because of the much higher
bremsstrahlung radiation of the electrons in the matter, when compared
with protons. Synchrotron radiation X - ray fluorescence (SRXRF), which
can also be utilised in the microprobe mode, has limited use because of the
inaccessibility of storage rings in many laboratories. The newly developed
ion probe (static and dynamic SIMS - secondary ion mass spectroscopy)
has much higher spatial resolution and sensitivity than NMP techniques,
but its use as analytical technique is fraught with difficulties. This is due
to interference of different molecular clusters and to the lack of consistent
theoretical models that describe the phenomenon of sputtering.

The NMP techniques are, hence, the most suitable for geological
studies in general, provided that the necessary trade-off is made between
costs and sensitivity.

The newly-developed method of ionoluminescence (IL), which
consists in detecting the light generated during electron de-excitation in
activator's levels, has proved to be very sensitive (few ppm down to ppb
level) in cases where the role of quenchers is negligible. Similar to its
electron sibling, cathodoluminescence (CL), IL is well suited to imaging
growth zonation patterns in crystals, and changes of chemical environment
(caused, for example, by beam damage). When used in a NMP, it allows
rapid diagnostics of the sample permitting identification of minerals and,
sometimes, of trace elements present, as well as providing additional
information to other analytical techniques.

In this work, IL and (iPIXE were used in combination or separately,
for characterisation of geological samples in a nuclear microprobe.



2. Assembling of a low energy ion beam analysis facility at the
Eduardo Mondlane University, Maputo

2.1 Background

When a mega-electron-volt ion beam impinges onto a target,
different atomic and nuclear reactions can occur. A schematic of the ion
beam induced reactions which are commonly used for analytical
purposes is illustrated in Figure 2.1. Depending on which product of the

Auger electron

X - ray

Light

Focused ion beam

Forward scattered ion

Transmitted ton beam

#

Backscattered ion

Recoiling target nucleus/
nuclear reaction charged
particle

Secondary electron

Figure 2.1. Schematic illustration of the induced radiation processes following the
impact of a high-energy ion into a solid specimen. (Adapted from [Tap-91]).

interaction is detected, different methods can be regarded that are sensitive
to specific properties of the material on the specimen.

The special features of these techniques, which are normally
grouped under the generic name of ion beam analysis techniques, include
their speed, sensitivity and versatility. Often, two or more of the IBA
techniques can be used simultaneously to fully characterise the analysed
specimen in a single short irradiation. Moreover, IBA techniques require
little sample preparation and often can be applied non-destructively.
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Despite the advantages of the information that can be inferred from
IBA measurements, they have been regarded as suitable to large
laboratories, which could afford the costs of small accelerators. However,
small Van de Graaff accelerators suitable for IBA research are eventually
available in many laboratories from nuclear physics groups. Besides that,
the technological advance made the price of these accelerators comparable
with that of other large analytical instrumentation, like inductively
coupled plasma - mass spectrometers (ICP-MS), nuclear magnetic
resonance spectrometers (NMR), secondary ion mass spectrometers
(SIMS) or atomic absorption spectrometers (AAS).

During the last couple of decades, the IBA techniques have evolved
so quickly that they moved out from the habitual nuclear physics
laboratory into the habitat's of scientists of different areas like museums,
hospitals and material science research centres and industry. This attests to
the widespread applications of these techniques and their establishment as
methods for routine analysis.

2.2 Accelerator based Ion Beam Analysis techniques

2.2.1 Particle induced X-ray emission (PIXE)

Since its invention in the early 1970's in Lund, PIXE rapidly
became the most ubiquitous of the IBA techniques and, in a way, has set
the pace of their development. The physical principles involved, though,
have been known since 1912 [Joh-95]: charged particles bombarding some
material can ionise the atoms by creating inner shell vacancies. Outer
shells' electrons fill these vacancies, releasing the extra energy in the form
of X-ray quanta or pulling an Auger electron out of orbit. The schematic
of this process is illustrated in figure 2.2.

By detecting the emitted characteristic X - rays, one can infer about
the elements present in the sample at ppm concentration levels. The use of
a MeV ion beam as an excitation source offers several advantages over
other X-ray techniques like higher rate of spectrum accumulation across
the entire periodic table (in fact for elements heavier than Na), and better
overall sensitivities. The better sensitivity, if compared to the electron
excitation, is due to the much reduced bremsstrahlung background of the
bombarding particles in the material, while in the case of XRF, to the lack
of a background continuum across the entire spectrum. In the newly
developed total reflection X-ray fluorescence method (TXRF), however
[Aig-74] this continuum is very low since the primary X-rays are reflected
out of the "sight" of the detector by using a suitable geometry. A

n



considerable drawback is that only very thin samples can be analysed (̂ il
solutions or few jig of sample), which puts a constraint in the sample size
and type.

Figure 2.2. Schematic of a) inner shell vacancy creation by an incoming charged
particle, with subsequent release of b) an Auger electron, or c) X - ray emission.
(Adaptedfrom [Joh.-95]).

The X-rays are normally detected by a Si(Li) energy dispersive
semiconductor detector, with resolution in the range of 160 eV for the Mn
K^ peak (at 5,9 keV). A typical PIXE spectrum is shown in figure 2.3.
The multi-elemental capability of the method is displayed for the case of a
rain water sample.

In PIXE analysis, the samples can be classified into one of the three
categories: thin, intermediate, and thick targets. For thin samples (area
density of 1 mg/cm2 or less), the degradation of proton beam energy in the
sample, as well as self absorption of the X-rays, is negligible and the
system can be calibrated using thin film standards [Joh-81]. At the other
extreme, the thick samples are those that are thick enough to stop the
proton beam. In analysing such samples, non-linear effects like proton
stopping and, hence, change on X-ray production cross-section with depth,
self-absorption of X-rays in the matrix, as well as secondary fluorescence
induced by X-rays coming from elements in deeper layers on the material,
must be considered in the quantification.

Unlike some traditional analytical methods like AAS, absolute
quantification is straightforward in PIXE. For thick targets, the yield of

12



specific X-rays (K^ or La X-rays, for example) of an element with atomic
number Z and mass Az under proton bombardment is given by:

' Z dE (2.1)

where: NAv -Avogadro's number;
<oz - fluorescence yield;
bz - branching ratio of the specific line;
tz - transmission of the X-ray through any absorber in the path

to the detector;
EZ - intrinsic detector efficiency;

— - fractional solid angle covered by the detector;

Np - number of protons;
Cz - concentration of the Z-element;
Eo , Ef - initial and final energy of the protons;
Oz(E) - ionisation cross-section of the specific shell.

The transmission factor Tz = exp cos a
- ( •

dE
(2.2)

of the X-rays through the matrix elements is a function of their weighted
mass attenuation coefficient yjp, and takes into account the degradation of
the energy of the proton beam from Eo to Ef at the end of the path. In this
notation, oc and 0 are the beam incidence and X-rays take off angles
respectively, and the matrix stopping power SM is given by:

\dE (2.3)

where p is the matrix density.
For the case of thin sample, the expression (2.1) becomes simpler

Y(Z) = -
Az cos a

(2.4)

since no more slowing down of the protons or absorption of X-rays is
regarded. Here, ma(Z) is the mass per unit area of element Z. All of these

13
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Figure 2.3. PIXE spectrum of a rain water sample (From [Joh-88J).

effects are taken into account when designing computer codes for
spectrum handling. A spectrum generated by the computer is made to fit to
the measured one using some regression criteria, like the least-square
method. The heights of the different peaks correspond then to the X-ray

Kaafersdaa Cr-pyrope garnet

5 10 15 20

X-ray energy (keVJ

Figure 2.4. Spectrum of a Cr - pyrope garnet sample fitted using GEOPIXE package
IRya-90].
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yield Y(Z) and the concentrations of the different elements are determined
by (2.1) or (2.4), provided that all the remaining variables are known:

CD - fluorescence yield
As shown in Figure 2.2, following the creation of an inner shell

vacancy, two competing processes can occur on de-excitation: the
emission of either an X-ray or an Auger electron. K- or L-shell
fluorescence yield is the probability of the emission of a K- or L- X-ray
line and is a function of the atomic number Z. As a rule of thumb it is
valid that for Z<18, the Auger process is dominant and, conversely, the X-
ray de-excitation is more probable for heavier atoms.

X-rays fluorescence yields are calculated using the Dirac-Hartree-
Slater treatment [Che-80] for the K - shell. For higher shells the Coster-
Kronig transfer probabilities (transfer of an initial vacancy to other sub-
shells) must be taken into account.

Ez - detector intrinsic efficiency
The typical hat-shaped efficiency curve of the commonly used

Si(Li) detectors is displayed in Figure 2.5. Actually, the intrinsic
efficiency of such a detector is a function of different parameters, like its
active volume, the thickness and material of the window, and the energy
of the incoming X-rays. An overall efficiency just below 100% is
attainable for X-ray energies in the range 5-25 keV, which is the "region
of interest" (ROI) in many cases (Figure 2.6).

Normally, in PIXE analysis, the sensitivity of the method to trace
elements is at a premium and absolute efficiency must be maximised. This
implies choosing a better geometry in order to increase the solid angle
subtended by the detector, Q. /4n.

Np - number of protons (integrated charge)
Measuring charge is performed easily when thin specimens are

concerned. The beam, which is assumed to pass through the specimen
without losses, can be dumped into a Faraday cup and the current flowing
from it to the ground is integrated in a big capacitor. Normally, current
digitisers and counters are used in almost all of the PIXE set-ups. When
dealing with thick samples, attempts to integrate the current flow, for
example through the sample holder, can be fraught with difficulties
leading to big errors. Some precautions must be undertaken in order to
avoid the escaping of secondary electrons from the surface of the sample.

15
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Figure 2.6. Energy of X-rays as function of the atomic number. The dashed lines limit
the region with 100% detector efficiency. (From Poh-88]).

Better results, however, are achieved when a thin foil or a rotating
vane are interposed on the beam path in the front of the sample,
transmitting the beam in the first case, or just stopping it at a defined rate

16



in the second case. The backscattered protons can then be counted to
give a current value against some pre-calibrated yields.

Oz(E) - ionisation cross-section.
Ionisation cross-section is the probability of creating an inner shell

vacancy at a particle impact. It has its maximum value when the projectile
velocity matches that of the ejected electron, which occurs at projectile
energies of Ep = (M/m)U(Z) where m and M are the mass of the electron
and the projectile, respectively, and U is the binding energy of the electron
at the given shell.

Different theoretical models exist to compute the ionisation cross-
sections for different shells and projectile energies. In the Binary
Encounter Approximation model (BEA), the bound electrons are assumed
as "free" ones when interacting with the incoming particle. The
differential cross-section for a typical Coulomb scattering can be written
and integrated over the whole range of energy exchanges between the
electron with binding energy U and the incoming projectile with energy
Ep. From this model, the scaling law can be deduced,

(2.5)

which gives the cross-section o for any projectile with charge Zp and
nucleon number Ap in terms of that for a proton of the same velocity.

In the Semiclassical Approximation (SCA) and Plane Wave Born
Approximation (PWBA), the Coulomb interaction between the inner shell
electron and the projectile is used as a perturbation. In the later model, the
incoming projectile is described in terms of a plan wave. Higher order
perturbation effects like the projectile energy impairment due to its
movement in repulsive Coulomb field and the relativistic movement of the
electrons are accounted for in the ECPSSR model (Perturbed Stationary
State model corrected for Coulomb deflections and Energy loss as well as
Relativistic effects). Figure 2.7 gives an illustration of different ionisation
cross-sections for different elements and shells, as a function of projectile
energy.

Detection limits
The most crucial parameter of any trace analytical method is its

ability to detect small amounts of elements present in the specimen. This
depends chiefly on the following experimental conditions: the absolute
efficiency of the detecting system, the resolution of the spectral apparatus

17



used, the duration of the measurement to ensure better statistics, and the
underlying background noise.

10

Figure 2.7. Ionisation cross-sections for different elements as function of proton
energies. (From [Joh-88]).
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Figure 2.8. Detection limits for W0 flC of accumulated charge of 3 MeV protons on 1
mg/cm2 targets of carbon, aluminium and calcium.(From [Joh-88]).
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In the case of PIXE for thin samples, the following relationship is
valid:

(2.6)

where OB and Oz are the cross-sections for background and X-ray
production respectively, Q is the accumulated charge and Q - the absolute
detector solid angle. Here the confidence level of 99.9% recommended by
IUPAC was applied. FWHM specifies the energy interval at which the
background is determined (one, two or three FWHM - full width at half
maximum). It follows that several measures have to be undertaken in order
to capitalise on the high intrinsic sensitivity of the PIXE method which is,
for a range of elements, in the units of ppm level. These include increasing
the fractional detector solid angle as much as possible by keeping the
Si(Li) detector close to the sample, making longer measurement
(increasing the accumulated charge), using detectors with improved
resolution and reducing the background.

The commonly used Si(Li) detector has a typical resolution of
160eV at the 5.9 keV peak of Mn. Wavelength dispersive X-ray
spectroscopy, which makes use of the diffraction phenomenon in crystals
to resolve the different X-ray energies, can easily achieve 10 eV resolution
at the price of detecting one element each time. In some applications, the
use of this detection technique can be favourable.

The major component of the background in PIXE spectra is
originated by electrons of the sample: a) quasi-free electron
bremsstrahlung (QFEB) due to the scattering of the target electrons in
the Coulomb field of the projectile; b) secondary electron bremsstrahlung
(SEB), due to the scattering of secondary electrons ejected by the
projectile in the nuclear Coulomb field, and c) atomic bremsstrahlung
due to the de-excitation of target atoms. The relative contributions of each
of these backgrounds is plotted in Figure 2.9. Background due to electrons
is anisotropic and can be reduced by placing the detector at backwards
angles.

For the wide energy range of interest in PIXE measurements the
projectile bremsstrahlung component is negligible if compared with the
electron one. Gamma-ray background, however, can reach several tens of
counts throughout the PIXE spectrum and is a factor for major concern. It
is normally originated when the projectiles excite nuclear reaction in light
elements present in the target, producing prompt y-radiation which can
then be Compton-scattered in the detector material. Attempts to reduce the
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Figure 2.9. Relative contributions of QFEB, SEB, and AB to the electron
bremsstrahlung background. The formulae represent the "end-point" of the respective
spectra, where me, Mp, Ep, and vp are the mass of the electron, mass, energy and
velocity of the projectile respectively. (From [Gri-92]).

weight of this component have been made by a number of researchers (for
example [Elf-95]) and rely on the painstaking use of an "anti-coincidence"
shield to produce a veto signal whenever a gamma-ray is detected
simultaneously at the Si(Li) and some high efficiency scintillating detector
like BGO. This can prove to be suitable for use with geological samples
where gamma rays are produced in the matrix of low Z elements, causing
the Compton background at the region of the X-rays of heavier trace
elements.

Moreover, when analysing insulating materials, electrical charging-
up can eventually occur which produces spurious events in the 20-30 keV
region. Carbon coating the sample is usually enough to eliminate this
problem.

2.2.2 Rutherford backscattering Spectroscopy (RBS)

In Rutherford backscattering spectroscopy, the projectile ions
scattered at angles greater than 90° are detected. This method was first
used by Rutherford and co-workers when trying to prove Rutherford's
planetary model of the atom. In these experiments, they used a beam of
alpha particles from a radioactive source to bombard a thin gold foil.

The physical processes of interest, in this case, are rather simple to
figure out: the projectile beam can undergo small angles forward
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scattering and pass through with degraded energy, if the foil is thin
enough, or stop completely at some depth if the foil is thick. Eventually,
some particles can come close enough to the scattering centres so that
elastic interactions become possible. These particles will be deflected at
backwards angles and constitute the object of study in RBS (Figure 2.10).

Projectie

Figure 2.10. Schematic representation of an elastic collision between a projectile of
mass Mi, velocity vo, and energy Eo and a target mass M2 which is initially at rest.
(Adaptedfrom [Chu-78]).

The four basic physical principles involved in backscattering
spectroscopy are [Chu-78]: i) energy transfer from the projectile to a target
nucleus. This can be treated classically as a two body elastic collision and
the ratio of energy loss of the projectile is determined by the kinematic
factor, which enables the mass resolution of RBS; ii) probability of the
occurrence of such a collision, characterised by the scattering cross
section, which leads to the capability for quantification; iii) average
energy loss of a particle moving inside some medium. This property is
characterised by the stopping cross section and enables for depth
resolution, and, finally, iv) energy straggling, which sets a limit on the
mass and depth resolution of backscattering spectroscopy.
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k - kinematic factor
For a two body elastic collision in the laboratory frame (Figure

2.10) between a projectile of mass M|, velocity Vo, and energy Eo and a
target nucleus of mass M2 initially at rest, the final velocities vi, v2 and
energies Ei, E2, can be derived classic-mechanically by making the
assumption of energy and momentum conservation. The ratio of energy
loss by the projectile k = E1/E2, denominated kinematic factor is a function
of the target nucleus mass and experiment geometry and, in the laboratory
frame, is given by:

/M2)2sin2e]"2+(M,/M2)coS0J

}
For angles close to 180°, this formula can be approximated by:

M
K«l-(4-<52)—- ,with8 = 7t-9. (2.8)

Normally in RBS measurements, the backscattered particles are counted at
angles close to 180° using semiconductor surface barrier detectors (SBD).
The ultimate mass resolution that can be attained is derived from:

A£, =fo(4-52)AM2-^2-, (2.9)
M

where it was assumed that M2 » Mi. Therefore, higher mass resolutions
are achievable at higher projectile energies Eo, and masses M2, as well as
by detecting the particles at angles with small 8 - values (close to 180°).
The constraint on energy is imposed by the threshold for nuclear reactions
excitation in the sample, while projectile mass Mi must be chosen, taking
into account that targets with mass M2 < Mi cannot deflect back the
projectile particles.

do/dQ- differential scattering cross section.
The probability of a beam of Q particles being scattered at some

angle 8 relative to its incidence by Nt atoms per unit area (areal density) of
the target and being detected at a detector subtending a solid angle d£l is
given by:
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For the case of RBS, assuming a scattering at a Coulomb potential, of
projectile particles with mass Mi and charge Zj, on target atoms with
mass M2 and atomic number Z2 this formula has the following explicit
aspect:

da
dQ { 4E ) sin40

where e is the elementary charge of the electron. It can be seen that the
cross section and, hence, the yield of scattered particles, is proportional to
Z]2. So, for a given target atom, alpha particles give four times larger
signal than protons.

The formula (2.11) is derived assuming spinless projectile and
scattering nucleus. Protons (spin Vi), therefore, can only be approximated
to Rutherford cross sections at the energies commonly used in IB A.

e - stopping cross section
When bombarding a material with high energy particles, energy loss

and subsequent slowing down of the projectiles is by far the most prolific
event, if compared to large angle scattering or forward recoils' ejection.
The average energy loss per unit path in the material is called stopping
power dE/dx. Stopping power depends not only on the material, but also
on the energy of the particles, since different phenomena concur for the
slowing down process of the particles in matter. In higher energies, the
behaviour of this magnitude is governed by electronic interactions, while
at the lower energy end the nuclear processes take over (Figure 2.14).

For practical uses, however, in RBS, the stopping cross section is
often used instead and is defined as:

where N is the atomic density. For a target composed of different kinds of
atoms, the stopping cross sections can be added, with weights pointing for
the abundance of each atomic species. This is Bragg's rule and accounts

23



for the sensitivity of the method to the stoichiometry of the sample. For a
compound AmBn, the stopping cross section is given by:

eA"B- =meA +neB. (2.13)

Applications
In RBS, the energy of the backscattered particle is related to that of

the incoming one by the kinematic factor. This is valid for particles
scattered on the surface. For particles scattered at a certain depth x, the
energy decrease of the particle in the path to and from the scattering centre
must be taken into account. This means that one can distinguish particles
scattered at different depths in the RBS spectrum. This property
determined the main field of application for the RBS technique: depth
profiling atoms, surface analysis (very important in material science),
accurate thickness measurement and analytical characterisation in thin
film technology.

I I

LLJ " 0

ENERGY

Figure 2.11. Schematic of the RBS process showing the basic principle by which depth
profiling is done. The energy width e = [£o]Nro, where £, is the stopping cross section
and N, the density per unit area of scattering centres. (Adapted from [Chu-78]).
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Absolute detection limits going down to 10*9 g for heavy elements
in a low-Z matrix are achievable. The method is normally used as a
complement to other surface analysis methods (like SIMS or Auger
spectroscopy) to probe several thousands of atom layers with a spatial
resolution of hundreds of Angstroms. The main limitation of RBS is its
poor mass resolution at heavy masses. Normally, isotopes up to mass 40
can be successfully resolved.

A variant of RBS technique, RBS-channelling adds another
dimension in solid state materials studies, enabling the localisation of
atom impurities in oriented crystal samples.

2.2.3 Recoil Spectroscopy

In RBS, the detection of very light elements is troublesome, due to
their very small kinematic factor. However, the quantification with this
method is rather straightforward and the cross sections very high. These
advantages can be used in Recoil Spectroscopy, where the forward
recoiling light nucleus under bombardment of heavier projectile ion is
detected. The schematic illustration of this process is shown in Figure
2.12.

Target

Figure 2.12. Schematic illustration of the principles of recoil spectroscopy.

In much the same way as in RBS, the kinematic factor of the recoil
nucleus can be derived to give:
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Here Eo and E2 are the energy of the incoming projectile ion and the recoil
target nucleus respectively. The kinematics of the process shown in Figure
2.12 allows, for a heavy incident projectile Mi, a multitude of nuclei and
particles to recoil forwards so the detection system in this case must be
able to discriminate not only the energy, as in RBS, but also the nature of
ion by its mass M2,for example, or velocity v2 (notations in Figure 2.10).

Looking solely at the elastic processes (Elastic Recoil Detection
Analysis - ERDA), one can chose mono- or multi-dispersive methods of
detection. In the mono-dispersive method, only the energy of the particle
is detected. Particle selection is usually made by placing a simple foil of
suitable thickness in front of the SBD, in order to stop other recoils or
forward scattered particles. This method is employed normally with alpha
particles as projectiles, to depth profile hydrogen [Doy-79].

When aiming at simultaneous detection and depth profiling of
different elements, multi-dispersive methods are used. These can be the
AE - E or the time of flight (ToF) methods, in which mass and energy or
mass and velocity of the recoils are measured [Whi-90].

Different varieties of Recoil Spectroscopy found large application
in material science where depth profiling of different elements after
material treatment (e.g., implantation, annealing, deposition) is very
important for studying their physical properties.

2.2.4 Nuclear reaction analysis (NRA)

As was stated above in IB A, whenever the projectile energy is high
enough to overcome the Coulomb barrier of the target nucleus, inelastic
scattering can occur. The nucleus can then be excited and different
products will be emitted during the de-excitation process are emitted. The
emission of such products can be more of an asset than a drawback since
its detection brings up more information about the elemental composition
of the sample. One then talks about nuclear reaction analysis (NRA). Since
at proton energies normally used in IB A only nuclei with Z < 15 can be
excited, NRA is commonly used to detect low-Z elements as a
complementary technique to PIXE.

The geometry of the experiment is essentially the same as for the other
IBA techniques, but now the products of nuclear reactions are detected.
These can be |3- or y-rays, alpha-particles, protons, different ions or any
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combination of them. Table 2.1 displays some reactions used in the energy
interval of IB A techniques.

Table 2.1. Some nuclear reactions commonly used for detection of light
elements.(From (Fel-77]).

Nuclear reactions with
release of a particle

2H(d,p) JH
JHe(d, p)4He
7Li(p, a)4He
9Be(d, a)7Li
"B(p ,a) 8 Be
lzC(d ,p)13C

15N(P, a)12C
1(>O(d,p)"O
19F(p,a)16O

23Na(p, a)20Ne
31P(p,a)28Si

Nuclear reactions with
release of y-rays

7Li(p,y)8Be
9Be(p,Y)10Be

"B(p,y) I2C
13C(p,Y)14N

15N(p, «Y)16O
19F(p, CCY)16O

Ion energy
(MeV)

1.0
0.45
1.5
0.6
0.65
1.2
0.8
0.9
1.3
0.6
1.5

ion energy
(MeV)
0.44
0.33
0.16
0.55
0.36
0.22

Emitted
energy
(MeV)

2,3
13.6
7.7
4.1
5.6
3.1
3.9
2.4
6.9
2.2
2.7

y(MeV)

17.65
6.15

16.11
8.06

12.43
7.12

Q-value
(MeV)

4.03
18.35
17.35
7.15
8.59
2.72
4.96
1.92
8.11
2.38
1.92

Resonance
width (keV)

12
160

7
32.5
94

1

The detection of y-rays, known as particle induced gamma-ray
emission (PIGE), can normally be performed using scintillator detectors
in order to capitalise on their higher efficiency since the resolution is not
at premium. Detecting particles, however, requires much more accuracy
since their emission process is not isotropic. The geometric conditions of
the experiment are determined by the concepts of momentum
conservation, taking into account the Q-value of the particles.

In the cases when more than one product is emitted (e.g., pp', py,
ay, etc. reactions), coincidence techniques can be used. In the photon-
tagged NRA (pNRA) variant [Kri-90], the y-photon is used to "tag" the
real proton or alpha particle from a (p, p'y) or (p, ay ) reaction. The
charged particle is simultaneously energy analysed. This method allows
higher detection efficiency, thereby improving the detection limits
attainable.
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As a complementary technique in IBA set-ups, NRA is normally
used to, simultaneously with some other methods, detect trace amounts of
low-Z elements. Common applications include bio-medical, environmental
and geological studies.

Resonance and threshold nuclear reactions, with enhanced cross
sections at certain energy values of the projectile ion, can be used to depth
profile light elements, with special applications in material sciences. A
good example for this is the "inverse" reaction *H(I5N, ay)12C normally
used to depth profile hydrogen. The off-resonance cross section values are
more than four orders of magnitude lower than the values at the resonance
energy.

2.2.5 Other techniques

It is clear from Figure 2.1 that the detection of any of the
enumerated products of the interaction of an ion beam with matter can
lead to another DBA technique that proves itself to be suitable for specific
applications and rather awkward to others. The different techniques that
are eventually brought to light envisage the solution of a peculiar
analytical problem.

The detection of electrons, for example, (Auger or secondary
electrons) is very much a surface analysis technique. Secondary electrons
are produced copiously at ion bombardment and the ones coming from a
very shallow depth of the sample can escape from the surface without
absorption and are commonly used for quick imaging (since good statistics
are readily achievable) in microprobe facilities, as an auxiliary method.
Moreover, Auger electrons convey information about the chemical
bonding at the surface, as well as the chemical neighbourhood of the
atoms, so Auger electron spectroscopy (AES) is an ubiquitous technique
in solid state physics laboratories. Since the technique is sensitive to
monolayer quantities, a much cleaner vacuum than that commonly used in
IBA facilities ( ~10"6 Torr ) is required and so, very seldom Auger
spectrometers are coupled alongside with other IBA methods. Energetic
analysis of these electrons is normally performed using magnetic or
electrostatic spectrometers.

Light induced in the sample by ion excitation of the atoms can also
be detected. This is the relatively newly developed ionoluminescence
phenomenon, which is treated later in more detail.

In special cases, the complement to PIXE used for light elements
detection is particle elastic scattering analysis (PESA). Normally, the cross
sections for elastic scattering of the protons are one order higher than the
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those for inelastic scattering (nuclear reactions). So, in the specific case of
thin targets, like environmental samples on Filter backing, detecting the
forward elastic scattered protons is much more productive than hunting for
the less probable nuclear reaction events. PESA has been successfully
used for detection of carbon, nitrogen and oxygen in samples of up to 1
mg/cm2 thickness [Nel-77]. Thicker samples provide less mass resolution
due to higher proton energy loss in the material. The PESA technique can
be enhanced by the coincidence detection of the recoiling hydrogen
nucleus and scattered proton in a convenient geometry to become a
powerful method for hydrogen analysis. Provided that careful time
discrimination is made in order to get rid of the interfering inelastic events
9Be(p , p')9Be and 7Li(p , p')7Li> detection limits in the range of 8 pg/cm2

can be achieved in thin samples [Mar-93].
An overwhelming illustration of the complementarity, degree of

automation, versatility and powerfulness of the EBA techniques is given
by the ion beam thermography (IBT). In this method, the fact that during
ion impact light elements are sputtered away and volatile compounds are
evaporated under the heat developed in a small area is used to study the
stoichiometry of thin aerosol samples collected on a conductive substrate
[Mar-88b]. A computer-controlled heating system is used to raise the
temperature of the sample in fixed steps while simultaneous PIXE, PESA,
cPESA and pNRA spectra are collected. The proton beam is brought
outside the vacuum into a helium atmosphere to avoid the evaporation of
volatile elements in the sample, due to their high saturation vapour
pressure. A schematic of the experiment geometry is shown in Figure
2.13. This technique, as described by Mentes et al., [Men-96], allows the
detection of all elements from H through Pb, as well as the identification

cPESA

Thermography

I

Sample

Figure 2.13. Schematic of the geometry used for the IBT experiment. The dotted circle
indicates two large plastic scintillators. (From [Men-96]).
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of ammonium nitrate (NH4NO3) and ammonium sulphate ((NH^SCU), by
analysing the fall of the concentration curve of the elements H, N, O, and
S versus the temperature of the sample.

2.3 Characteristics of low energy IBA techniques

The above described IBA techniques are commonly used with
projectile energies of 2 - 3 MeV. The choice of energy is done by making
a trade-off among ionisation cross sections for different elements, cross
section for background production, range of the particles in the target
material and the best resolution achievable. It is expected, therefore, that a
particular IBA method can be optimised to give better sensitivity for the
interesting elements in a particular experiment, disregarding the less
interesting regions. This fact explains the use of IBA techniques at low
energies (sub-MeV), which prove to outstrip the conventional ones at
specific applications.

For sub-MeV PIXE, one must bear in mind that:

i) the detection limit for K X-rays is very poor for elements with Z>30,
due to the much lower excitation cross sections;

ii) the lower part of the MDL curve is shifted towards Z=15 (phosphorus),
which can be detected at units of ppm levels due to the lower continuos
background. In general, PIXE at a proton energy of 350 keV displays
lower detection limits for elements between Z = 12 (Mg) and Z = 26
(Fe) than the commonly used energy of 3 MeV. This sensitivity to low
Z elements is even more pronounced in high Z matrixes. This analytical
regime can be extended to elements like Na, F, O, N and C, provided
that windowless or ultra-thin window Si(Li) detectors are used. The
ultra-thin window is made of a light polymer material that enables the
detection of elements down to boron. The windowless mode, however,
is more difficult to operate, since hazardous condensing of residual
vapours on the crystal can damage the detector. Ultrahigh vacuum is
normally recommended [Wil-91];

iii) the range of sub-MeV protons in materials is about one order of
magnitude lower than that of protons with 3 MeV energy (Figure 2.14).
This means that in low energy PIXE all the samples are considered
thick. Absorption of X-rays in the material, however, can be neglected,
due to the very shallow depth of excitation considered;
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iv) in low energies, dE/dx is near the maximum in the electronic stopping
power (Figure 2.14), hence the higher values of this magnitude allow
depth profiling using sub-MeV PIXE .

Several applications of low energy PIXE can be found in literature.
Almost all of them point to analysis of low - Z impurities in a high - Z
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Figure 2.14. Stopping power of protons in common minerals. The beam energy is 500
keVfor all the curves except the long one (to the right), which corresponds to an energy
of 2,5 MeV. The calculations were done using the code TRIM-95 [Zie-95J

matrixes, impurity depth profiling near the surface, analysis of surface
layers and thin films in solid state samples.

Low energy RBS has been used by a number of researchers,
specially in material science studies. This technique is usually available at

100
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no expense in the same facilities used for other material treatment like
implantation. At these energies, however, RBS has poor elemental
separability, so high resolution SBDs must be used. PIXE and RBS can be
used in combination to characterise solid state samples.

The use of the microprobe variant of RBS at low energies allows
precision three-dimensional characterisation of semiconductor devices
[Tak-95]. Further improvements of this method, such as the use of liquid
metal ion sources, make it possible to achieve lateral resolutions about 100
ran, which is very important in nanometer technology for three-
dimensional studies of integral circuits features like single event upset -
SEU ([Kis-95] and [Tak-95]).

Other IBA techniques like ERDA and NRA have been used chiefly
for depth profiling hydrogen, fluorine, oxygen and nitrogen. As already
stated, the separability of elastic scattering processes for low-Z elements at
low projectile energies is very poor, so magnetic spectrometers are used to
enhance the resolution of the method [Ros-84]. In the NRA method,
resonance reactions are used with detection of y rays. Some commonly
used resonance reactions in the sub-MeV energy range are displayed in
Table 2.1.

2.4 The installed laboratory

A low energy IBA facility was assembled at the Eduardo Mondlane
University, Maputo. Setting up such a modern facility in local conditions
proved to be a challenging exercise. It cannot be overstated that both
materially and psychologically the institution was not prepared to run
scientific research projects at some complicated levels. Precautions had to
be undertaken in order to ensure some degree of self-standingness that
would guarantee medium- and long-term running of the project. For this
purpose all the details related to equipment and auxiliary services to the
IBA facility had to be regarded in minute detail.

The main installation work included:
- Repair of an available small liquid nitrogen plant;
- design and construction of two closed-circuit water cooling systems

for both the accelerator laboratory and the liquid nitrogen plant;
- refurbishing of the accelerator laboratory;
- repair and reconditioning the accelerator;
- complete installation and testing of the IBA beam line.
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The beam line is mounted at the end of a 500 keV Van de Graaff
proton accelerator. This machine was initially designed as a convertible
multi-purpose electron/proton accelerator and features some key
parameters, which make it possible to be used both as an analytical tool
(for producing X-rays, protons, electrons or neutrons) and as an ion
implanter. Energy stability AE/E is better than 5x10^ and beam currents as
high as 150 pA are attainable.

The schematic drawing of the assembled IBA line is presented in
Figure 2.15. An electrostatic lens at the exit tube of the accelerator, with a
small aperture (1 cm in diameter) is used to define the beam size. The
beam is analysed by a suitable magnet and switched to one of the three
arms available (0°, ±21°). The beam line was built on the +21° arm.
Downstream, a magnetic quadrupole doublet is used to focus the beam
into the reaction chamber. The specimen chamber was described
elsewhere [Mal-82]. It allows the placement of different detectors at
different geometries, X-ray absorbers in the front of the detector and a
Faraday cup for current measurements when working with thin samples.

For data acquisition, two PC based multi-channel analyser (MCA)
slot cards are used, allowing for simultaneous detection of two
experimental parameters.

The system was tested and some beam diagnostic experiments were
performed. Further tune-up is under way in order to ensure more reliability
and stability in the long term.

2.5 Further development

As stated previously, setting up this system was regarded as a means
of providing the natural sciences branch of the EMU with a multi-
disciplinary analytical tool. Having the system running in a sustainable
way, however, poses new questions to be addressed carefully. The most
important of these is the training of researchers at different levels and
fields to become the day-to-day users of the facility.

This is a medium- to long-term task that we have been working on
for several years. The complete package of measures undertaken included:
i) redesigning the undergraduate course in Physics offered at the
department, putting the main focus on experimental and application
profile; ii) starting to form a research team to work with IBA techniques;
and iii) focusing on institutional cooperation envisaging rapid
crystallisation of the research ideas and applications.
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All of these aspects can be regarded as a determinant part in
building research capacity in developing countries. The described IBA
facility is an example of a multi-disciplinary analytical tool that is starting
to be used at the Eduardo Mondlane University.
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3. Microprobe Techniques in geological studies

3.1 Why geological studies... ?

Contemporary knowledge about the Earth is built on centuries of
patient observations and careful insights. Geology is the earth sciences'
branch dealing with the nature of minerals, the meaning and history of
mineral associations, as well as their properties and use.

Minerals have been used as tools, decorations or means of
exchange since the earliest stages of human life. Records of the use of
metals extend 4000 years into the past indicating that Humankind has
had to learn, where to find and how to refine iron, gold, silver and copper
systematically.

Many references to minerals and ores are found in ancient Greek
writings of the philosophers. The first attempts to describe the matter in
general were made by Lucretius (99 - 55 B.C.), who established the
theory according to which all matter was formed by atoms of the four
components of the Universe: earth, water, fire and air. Although
minerals were used rather extensively for millennia, the first document
that attempted to establish a systematic study of minerals came to light
only in 1556. It was the De Re Metallica, published by the German
physician Agricola. The work presented practical aspects of mining and
metallurgy and is often regarded as the cornerstone of the establishment
of Mineralogy as a science.

Since then, and during the Renaissance-to-Modern period, several
breakthroughs marked the evolution of mineralogy and hence, of the
geological sciences: the invention of the goniometer for measuring
interfacial crystal angles (Carangeot in 1780); establishment of the
Freiberg, Germany, school of mines by A.G. Werner (1750 - 1817) and
the development of the mathematical crystallography (R.J. Haiiy in
1801).

A great contribution to the understanding of mineral chemistry was
supplied by the Swedish scientist J.J. Berzelius (1779 - 1848) who
devised the chemical classification of the minerals that is still in use
today. Some remarkable breakthroughs in the Modern era include the
invention of the polarising microscope by Nicol, 1828, and the
demonstration of the diffraction of X-rays in crystals (von Laue, 1912).
Then, W.H. Bragg and his son, W.L. Bragg, determined the structure of
several crystals using X-ray diffraction. The internal structure of minerals
was being studied for the first time!

The most recent developments of analytical tools applied in
mineralogy, and geology in general, allowed to get a close insight into
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the matter structure at atomic level and its relation to the minerals'
properties. Scanning electron microscopy (SEM) enabled the observ-
ation of mineral grains amplified up to one million times; transmission
electron microscopy (TEM) permits studying the internal structure of the
minerals (Section 3.2.3). Electron Microprobe Analysis, Nuclear
Microprobe and Ion Microprobe are relatively new variants of electron or
ion focused beams analytical techniques with microscopic capability and
their extensive use added a new dimension in geological studies.

In studying Earth sciences, a threefold aim is pursued:
i) to achieve a better understanding of the processes involved in

mineral genesis for better prospecting and more effective use of
natural resources;

ii) to assess the common threads in the history of the planets and
the Universe in general (comparative planetology), for better
understanding the Earth and, eventually, searching for life
conditions and useful goods on other planets, and

iii) to try to understand how and to what extent the human activity
is changing the Earth on a more global scale. This is a newly
raised concern and springs from the uncomfortable feeling that
seemingly irreversible changes have been taking place since the
surge on industrialisation and establishment of consumer
societies in rich countries.

...and why microprobe?

The atoms form 104 chemical elements, and 88 of these occur
naturally on the Earth. However, the 12 most abundant elements make up
99,2% of the Earth's crust, which means that the remaining elements
occur at minor or trace levels. The dynamic range of concentration
change of these minor and trace elements is much wider and depends
heavily on the conditions at which the minerals crystallised. Studying
trace elements, therefore, provides more information and, in geological
studies, techniques sensitive to low concentration levels are the most
adequate.

Normally, the minor and trace elements are used as indicators of a
particular feature to be studied; the most important subjects of analysis
are individual mineral phases [Rya-93]. These mineral phases are
typically a few um in dimensions and so small are the patterns normally
studied like, for example, zonation [Sie-89]. Techniques with
microscopic capability are very convenient in this case. The following
subjects are addressed in microscopic studies of geological samples:
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i) rock textures: a magnified view of a thin section sample of a rock
enables, to an experienced operator, its rapid identification through
recognition of the mineral assemblages present as well as a tentative
quantification of the same minerals [Bla-88]. This is generally the first
step in any kind of analysis. For this purpose, petrographic microscopy
with light polarising attachments or cathodoluminescence [Kea-88] are
used;

ii) mineral exploration: the distribution of trace elements in a single
grain can give clues about the physicochemical environment that
governed the process of crystallisation (ore genesis), which, by its
turn, can improve targeting during mineral prospecting activities [Sie-
89]. Normally the occurrence of a certain mineral of interest is
associated with the presence in certain amounts of a set of other more
common minerals, which are then established as indicators [Gri-89],
[Rya-96]. Techniques like uPIXE, EMPA, SIMS or SRXRF can be
used for this purpose;

Hi) zonation: when different minerals coexist in cooling magma, the
crystallisation will occur in steps so that minerals with higher melting
point will crystallise first. This phenomenon (fractional crystallis-
ation) is normally accompanied by processes like exsolution of
elements dissolved in excess in the liquid phase of a certain mineral
[Ski-87]. It follows, hence, that the cooling magma will change its
chemical composition as more minerals solidify. The study of
elemental distribution along these zones can help to increase the
understanding of the processes involved in ore genesis, with
applications in petrologic and tectonic studies [Rei-93], [Smi-91].
Cathodoluminescence very beautifully helps in identification of
zonation in minerals[Mar-88a]. Any other analytical technique (from
point ii) can be used in quantification;

iv) fluid inclusions: crystal imperfections can range from minute defects
at atomic scale to gross macroscopic structures. Fluid inclusions
represent perhaps the most valuable of the crystal imperfections: they
are formed by small amounts of liquids, solids and vapours, trapped
inside the minerals as they grow. These inclusions are unique samples
of the ore forming material that have interacted with the earth's crust
and the upper mantle [She-85]. The main information that can be
extracted from fluid inclusion studies include: understanding fluid
flow paths at the time of ore formation [Rya-95a] and, through the
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determination of PT state of the fluids, inferring whether ore
deposition could occur at these conditions, which has applications in
geological prospecting. Using fluid inclusions as tracers can help to
identify the provenance of minerals, which aids in finding migration
pathways and possible reservoir rocks.

Methods commonly used for fluid inclusion studies are: optical
microscopy with a heating/cooling attachment; laser ablation -
inductively coupled plasma atomic spectrometry (LA-ICP-AS),
synchrotron radiation X-ray fluorescence (SRXRF), SIMS and H.PIXE
[Rya-93a].

v) geobarometry and geothermometry: The partition of certain elements
in two or more coexisting mineral phases during crystallisation is a
function of many variables, amongst them the pressure and
temperature at which solidification occur. The concentration of these
elements can vary, in certain cases, over a large range for different
temperature values, permitting them to be used as indicators of the
temperature, or geothermometers [Gri-89a]. The same assumptions are
valid for geobarometry. These two "instruments" are normally used in
studying ore genesis in metamorphic petrology and tectonics.

During large-scale metamorphic events processes like burial,
heating of rocks by some new heat source (e.g., an intruding igneous
rock), or compression due to continental collisions, take place. Hence
metamorphic rocks keep a record of the intermediate steps through
which the igneous and sedimentary rocks are transformed. Using
geothermometers and geobarometers the history of rock transformation
can be followed by constructing the so-called pressure-temperature-
time (PTt) paths [Eng-84], [Eng-84a]. The microprobe methods used
for these analysis must be sensitive enough to detect units of ppm
levels [Gri-89a], so SIMS, uPIXE, LA-ICP-AS and SRXRF are
commonly employed.

vi) geochronology or geological dotation: Geological age is normally
determined using radioactive tracers, which have been present in the
minerals since their formation, and have decayed or are in decay to
stable daughter-isotopes. The commonly used radiometric clocks are:
40K/40Ar, 87Rb/87Sr, 235U/207Pb and 238U/206Pb. The daughter elements
are retained in the host mineral in substituting positions (for the solid
metals) or trapped in sub-microscopic fractures in the minerals.
Performing geological dating is a microscopic task that involves
choosing the right accessory mineral or material that can be dated and
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performing microanalysis with isotope separation and detection limits
in the units of ppm level. This can be performed successfully using

combined with IL [Yan-94], SIMS, SRXRF or LA-ICP-AS.

3.2 Microprobe techniques for geological studies

The aim of any microprobe (microscopic) technique is to provide a
magnified image of a solid object, allowing the observation of features
beyond the resolution of the human eye, which is about 100 urn. The
image can be produced by some conventional lens system in which all
the parts are formed simultaneously, or by a scanning mechanism in
which each point, or pixel, of the picture appears serially. The possibility
of subdividing the picture into small elements permits their encoding for
digital storing in computers for a posteriori processing.

In microscopic techniques, a probe signal is sent to the object and
some response signals coming from it are collected. These response
signals must have the ability of providing the contrast, the property that
makes possible to distinguish the pixels.

Analysed objects are tri-dimensional so the microprobe techniques,
in tandem with magnification or lateral resolution, can have some
ability to represent the depth (depth resolution). The topological
contrast in light microscopy, for example, is provided by shadowing in
reflection and in SEM, by the fact that the efficiency for generating
secondary electrons (the response signal) from the top tens of monolayers
of the material, depends on the angle at which the probe beam strikes the
surface.

Moreover, optical systems, like lenses, are prone to aberrations.
The easiest lenses to make are spherical and the sphericity per se gives
rise to two kind of aberrations: chromatic and achromatic. Chromatic
aberrations arise from the fact that different wavelengths (or particles
with different energies in electron or ion optics) are focused at different
points. The non-monochromacity of the probe signal is, hence, the source
of this type of aberration. This error can be corrected for by using
electrons or ions that are energy analysed before forming the probe, or, in
light optics, more monochromatic sources.

Achromatic aberrations arise from the difference in path lengths of
different light rays or energetic particles from an object point to the
corresponding image point. The most simple of these is the spherical
aberration, which is caused by the fact that light rays (in optical
systems) or particles (in electron- or ion-optical systems) have different
focal planes depending on their orientation relative to the optical axis of
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the lens. The resulting spherical aberration is proportional to the third
power of the inclination angle and can be corrected for by keeping the
probe beam as parallel as possible to the optical axis. Another spin-off of
the spherical aberration is the astigmatism, which arises from different
focusing strengths in the horizontal and vertical axis. In ion optical
systems, this error can be corrected by setting different focusing currents
in the horizontal and vertical magnets.

In the case of ion optics, making spherical or cylindrical symmetric
magnetic lenses, is fraught with enormous difficulties due to limitations
in the maximum attainable focusing strength. Normally, a combination of
quadrupole lenses, each focusing into a line, is used. The obvious
departure from the cylindrical symmetry in these lenses gives rise to
parasitic aberrations like rotational and translational, which can be
corrected for by careful alignment, and intrinsic sextupole, octupole and
higher order multipoles, which are due to the contamination of the
quadrupole field and are dependent on the construction of the lenses
themselves.
Optimising these parameters is very important for a microscopic system
to attain the best spatial resolution.

3.2.1 Optical microscopy

In its simplest version, the optical microscope is composed by two
sets of lenses: the objective and the ocular. Light is made to pass through
the analysed sample towards the magnifying column (transmission light
mode) or is reflected on the surface of the former (reflected light mode).
The overall magnification of a microscopic system is given by

\J2

where vi is the distance from the objective to the intermediate image, v2 -
the distance from the ocular to the final image, and fi and f2 are the focal
distances of the objective and ocular lenses respectively.

For light optical systems, the resolution is theoretically
limited by the diffraction phenomenon and is given by:

(3.2)
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where X is the wavelength of the used radiation, u - the refractive index
of the medium between the object and the objective lens, and a - the half
angle subtended by the aperture in the front of the objective lens.

In geological applications, several attachments to the common
optical microscope are often used, allowing more information from the
sample to be collected. Among these are polarisers and analysers,
condenser lenses, xy movable stages, a cathodoluminescence apparatus
and a heating/freezing stage for fluid inclusions' studies. Polarisers and
analysers are used to identify the different minerals by their different
refractive indexes using the phenomenon of birefringence in anisotropic
crystals.

Samples to be studied with the petrographic microscope (as it is
called, when equipped with such attachments), are usually either finely
crushed mineral powders or very thin rock slices (20 to 30 urn thickness),
polished and mounted on a slide backing, called thin sections.

Aside from some direct measurements of refractive indexes and
identification of mineral colours, additional information regarding size
and shape of the different mineral facies, exact chemical composition and
micrometer features like zonation can be readily obtained.

Optical microscopy is generally the first step in the analysis of any
geological sample and, in some cases, it can be the only one, due to the
wealth of information that can be gathered. Resolution in the order of
units of fim are attainable in good systems.

3.2.2 X-ray microscopy

X-ray fluorescence (XRF)

X-ray fluorescence is a well established analytical technique that
has been in use for several decades now. The main advantages are: the
easy to use and low cost of the set up, non-destructiveness, multi-
elemental capability and high sensitivity for elements from sodium
across the periodic table.

The physical principles behind the XRF method are similar to the
ones described for PIXE (section 2.2.1), with the difference residing in
the excitation mode. In XRF, a flux of primary X-ray photons is used to
create the inner shell vacancies in the atoms of the sample.
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Instrumental

The microscopic ability of XRF springs from the fact that tiny
capillary tubes, tens of \im across, can be made to convey the ionising
radiation to the analysed pixel on the sample and the X-ray spectrum of
each pixel can be measured. An additional xy scanning stage moves the
sample relative to the beam and "image" information of each pixel is
recorded successively.

X-ray tubes are normally used as sources of primary X-rays. They
consist of an evacuated tube in which electrons are accelerated by a
potential difference of several tens of kV to bombard a window material
and produce X-rays. This one is chosen so that the emitted X-rays have
higher energy than the electron binding energy in the shell. Eventually,
some mono-chromatisation of the primary beam is necessary in order to
avoid complicated artefacts in the X-ray spectra caused by the different
energies of excitation.

For X-ray detection, both wavelength dispersive (WDS) or energy
dispersive spectrometers (EDS) can be used. In WDS, the phenomenon
of diffraction of X-rays in single crystals is used to resolve different X-
ray lines. The principle governing this phenomenon is described by
Bragg's law:

nk = 2ds]&9 , (3.3)

which states that a crystal with lattice planes parallel to its surface
reflects radiation of specific wavelength X at certain angles of incidence
ti, in a direction with the same exit angle. Here n is an integer (n =
1,2,3,...) and d is the lattice plane spacing. The limitation that surd
cannot be greater than 1 implies that a single crystal analyser can be used
to detect only one part of the spectrum. Commercial crystal spectrometers
cover a range of fl = 15° to fl = 65°, so several crystals are used with
different lattice spacing (at least four) to cover all the range of elements
accessible to X-ray analysis.

Such a system can achieve a resolution of about 10 eV, but the
analysis are too slow and the intensity of the X-rays is strongly damped
by the diffraction/reflection phenomenon. This dictates the use of high
power tubes in WDS (up to 3 - 4 kW), while for the most efficient EDS
mode, powers less than 100 W are sufficient. EDS systems use a Si(Li)
detector with typical resolution of 160 eV at 5.9 keV, which permits the
simultaneous recording of the whole spectrum.
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The samples used for microprobe analysis can be the same thin
sections as in the case of optical microscope. For bulk analysis, samples
consist of powders of the crushed rocks that have been pressed into
pellets.

Detection limits

Typical detection limits are on the order of a few ppm for a range
of elements. Disadvantages of this method related to PIXE, for example,
are: i) it is always possible to make combined use of complementary
analytical methods in IBA, increasing the sensitivity to virtually all the
elements in the periodic table, and ii) a large source of background is
introduced by the X-ray excitation radiation itself in XRF. Compton
scattering of these primary X-rays in the sample material forms a large
continuum over the entire spectrum, which impairs the detection limits of
the method. A common way of reducing this parasitic background is to
use a secondary target in the path of the X-rays to the detector. The
background is then polarised and can be strongly reduced by placing the
detector at a suitable geometry.

An important advantage of XRF related to PIXE is the fact that it
is a non-vacuum technique and, so, it poses less constraints on the
samples.

Total reflection X-ray fluorescence (TRXRF)

In total reflection X-ray fluorescence, a grazing angle incidence
(about 1 mrad) of the primary beam is used. A pencil of X-rays
illuminates a very small volume of sample and is totally reflected on the
backing material. The fluorescence X-rays from the sample are then
detected at a normal direction without the "contamination" of the
parasitic background.

Very low detection limits can be achieved by this method (down to
ppt) due to the following reasons:

- the sample is efficiently excited by both the primary and the
reflected beam, thereby doubling the intensity of the fluorescence
signal;
- the spectral background due to primary X-rays scattering on the
backing material is reduced drastically, since the beam impinges at
angles below the critical angle for total X-ray reflection, and
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- the detector can be placed very close to the sample, since it
doesn't interfere with the incoming and outgoing X-ray beams,
allowing the increase of the absolute detection efficiency.
Unfortunately this method can be used only with very thin

samples, which imposes serious constraints on such a sensitive
technique. The microscopic ability of this method can be attributed to the
fact that \i\ of the samples are normally used in the analysis.

Synchrotron Radiation X-ray Fluorescence ( SRXRF )

Albeit all of the advantages of a synchrotron light source over the
others X-ray sources, SRXRF is not likely to become a routine analytical
method for geological research and the reported work that has been done
can only be seen in a pure academic perspective. Synchrotrons are very
complicated instruments to operate and are extremely expensive to run.
However, the copious fluxes of X-rays radiated in the curvature points of
a storage ring feature very suitable properties for analytical purposes, like
high brilliance, low divergence, continuous spectrum over a very wide
range and high degree of polarisation, just to name a few. The insertion
of undulators or wigglers increase both the intensity and the high
energy component of the emitted spectrum.

The X-rays can be made to pass through a pin-hole or special
focusing mirrors to form the microprobe, which irradiates a target
mounted on a xy scanning stage. Absolute detection limits of 1 pg and
relative MDL better than 0.1 ppm in bulk samples are attainable.

Some other, more exotic X-ray sources, like multi-million degree
plasma and the X-ray laser (available in the 100 A region only), can
prove to outstrip the presented sources in special applications but I
remain rather sceptical about their possible application in geological
analysis.

3.2.3 Electron Microscopy

Scanning electron microscopy (SEM)

In scanning electron microscopy, a focused beam of electrons is
scanned across the sample. The response signal can be chosen between
the copious fluxes of either secondary or backscattered electrons. The
electrons are detected by scintillators and the signal, after amplification,

45



is used to modulate the brightness of the scanning electron beam of a
cathode-ray tube (CRT).

SEM is an imaging technique with outstanding lateral resolution
and, since its invention in the late 1950's, it has found place virtually in
any field of studies.

Instrumentation

A source of electrons, which can be either a tungsten hot cathode
or a field emission cathode, delivers a beam of electrons that is
preliminarily focused by an electrostatic lens. The beam crossover can be
adjusted to fit the opening of the exit anode, which forms the object. The
electrons are accelerated by voltages from 2 to 30 kV and the probe is
formed by two sets of magnetic lenses. Electrons are very light particles
and at the magnetic fields of simple solenoids, probe sizes of about 5 nm
can be easily achieved with currents of about 10 pA.

The physical principle behind the method is quite similar to that
already analysed in chapter 2 with more detail. Electrons with several
tens of keV of energy have the same velocity as the few MeV/amu ions,
so the probabilities for almost all the interactions showed in Figure 2.1
have the same order of magnitude.

The signal from secondary or backscattered electrons can
eventually be collected sequentially and stored in computers after
analogue-to-digital conversion. Further image processing is then
possible. SEM microscopes are very compact instruments and easy to
use, so they are widely applied in medicine, geology and in the
semiconductor industry as imaging accessories.

Contrast

The contrast in SEM is provided by the fact that the yield of
secondary electrons is dependent on the angle of inclination of the probe.
A small inclination, in the case of flat polished samples, can provide the
tri-dimensional visual feature. In "normal" samples, the topographical
variations are enough to provide the needed contrast.

Samples

The surface of the samples must be kept conductive in order to
avoid charge build up. Gold coating is normally used in insulator and
semiconductor samples, since it warrants continuity of higher
conductivity of the thin films even at very small thicknesses. However, if

46



analytical methods like EMPA are to be used, then gold must be avoided
since it can give rise to spurious X-rays peaks. Carbon coating is used
instead.

In geological applications, SEM can be also the first step before
moving to an analytical microscopic technique. The thin samples
prepared for the optical microscopy are used and identification of minute
crystals or features is made by this method. SEM microphotographs are
normally used for finding the region of interest in further analysis, as
well as for helping in qualitative evaluation of the data.

Transmission Electron Microscopy (TEM)

Unlike the SEM mode, in which bulk samples are analysed, i.e.,
samples thick enough to stop the electron beam, in transmission electron
microscopy, very thin samples ( around 0,1 \im or less in thickness) are
illuminated by an electron beam. The electrons are then transmitted
through the sample and the object thus formed is amplified in two or
more stages by electron-optical lenses. The image is normally projected
on a CRT directly and not pixel by pixel as in SEM. This method is very
similar to optical microscopy in the transmitted light mode.

The image contrast is generated by the electrons, which undergo
large angles scattering in the sample and are, hence, excluded from the
beam that forms the image. In the image, regions with less intensity
correspond to some scattering centres in the object.

The need for extremely thin samples implies the use of very
accurate procedures for sample preparation, which constitutes the
Achilles' heel of the method. However, the very fact that only very thin
samples are used, warrants a resolution some two orders better than the
SEM method because of the much lesser material volume probed. Indeed,
the signal from the SEM image formation comes from the typical onion-
shaped volume that is excited by electron bombardment (Figure 3.1). In
TEM, the values for range and straggling are lower and thus, the
resolution higher, extending down to atomic dimensions. Moreover, the
transmitted electrons give information about the material structure like
crystal defects and grain sizes.

In tandem with the backscattering of electrons, which is used to
form the image in TEM, some other processes occur in much the same
way as in Figure 2.1, and the emitted signals can be used to add some
analytical ability to the TEM microscope. Eventually the beam can be
scanned, permitting the combination of TEM and SEM. Then, new
analytical methods possessing the advantages of the two imaging
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techniques can be used. The instrument is then called STEM (scanning
transmission electron microscopy) and methods like electron energy loss
spectroscopy (EELS) or electron microprobe analysis can be used. EELS
is the electron sibling of STIM (scanning transmission ion microscopy),
in which the beam of incident particles is scanned across a thin sample
and the energy loss of the particles is analysed downstream. The image
contrast is warranted by the difference in mass densities of different
pixels.

In geological studies, TEM and related techniques are used to
study the structure of the crystals and minerals, so it is rather a
mineralogical method.

Electron Microprobe Analysis ( EMPA )

The electron microprobe analysis is based on the use of X-ray
spectroscopy in a scanning electron microscope. X-ray spectra of each
pixel is then recorded, encoded and stored with the corresponding co-
ordinates. Digital maps (images) can be reconstructed on- or off-line
where the contrast is given by the difference in point concentration of the
different chemical elements.

The physical principles are identical to those for PIXE method.
However, if compared to JJ.PIXE, EMPA suffers from the following
disadvantages:

i) the electron excitation per se implies that the signal comes from
a very shallow depth of the sample, so "buried" structures like
fluid inclusions cannot be directly analysed.

ii) the very high bremsstrahlung of the incident particles yields a
prominent broad peak in the low-to-medium energy part of the
X-ray spectrum, which leads to detection limits poorer than in
PIXE by two orders of magnitude.

iii) although different analytical techniques can be used
simultaneously in a SEM instrument, the Nuclear Microprobe is
much more open to the user system, so the implementation of
new analytical ideas is only limited by the imagination of the
physicist. SEM is a more compact and ready to use system in
which fundamentally new approaches imply a new design.
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This last disadvantage, however, can also be regarded as a great
achievement since the "black-box" approach of an electron microscope
enabled its widespread use among almost all research fields and the users
require less training. A very big share in geological studies, presently,
belongs to SEM and EMPA.

3.2.4 Ion Microscopy

Dynamic secondary ion mass spectroscopy (SIMS)

Secondary ion mass spectroscopic methods make use of a
phenomenon known since the 1890's; when solid surfaces are subjected
to ion bombardment of high fluency, components of their outer surface
are abraded with emission of neutral clusters and secondary ions. These
products are mass analysed by a mass spectrometer and depth profiling of
elements present at trace levels in areas as small as 10 (xm in diameter
can be performed. In geological applications, this method is normally
used in datation and geothermobarometry. The high resolution that can
be achieved by this method (better than 1 u,m) coupled to its high
sensitivity makes possible "spot" datation, i.e., in a zoned crystal, the age
of each growth layer is determined.

Dynamic SIMS is one of the most sensitive analytical techniques,
with typical detection limits ranging from ppm to sub-ppb levels, depth
resolution better than 2 nm and spatial resolution from 50 run to 2 u,m for
elements from hydrogen through uranium. It is typically a monolayer
sensitive technique (10 I 2 to l0 1 2 atoms/cm3 ).

Absolute quantification, however, is fraught with serious troubles
and only relative quantification with standards is commonly used. This
puts serious constraints on geological studies, since absolute geological
standards are difficult to synthesise due to varying mineral composition
from terrain to terrain.

The sputtering process

Ions heavier than oxygen with energies between 1 and 20 keV
impinging on a surface can efficiently transfer their energy to the
generation of cascades of neutrals or secondary ions moving at different
velocities in backwards directions. Eventually the energy of these
clusters can be high enough to overcome the surface potential barrier and
then the neutrals and secondary ions are sputtered from the surface.
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It is accepted that the current of secondary ions collected by the
SIMS instrument is given by:

(3.4)

where IA* is the secondary ion current for element A,
rfA - the isotope collection efficiency,
7±

A - the ratio of ions produced to the total number of particles
(neutrals and charged) sputtered of element A,

CA - concentration of element A,
S - the sputter yield (sputtered particles per incident ion),
Dp - primary ion current density (ions /cm2.s), and
d - diameter of the primary beam.

This formula is only semi-quantitative since strong deviations from it
arise depending on the matrix in which the element A is inserted.

Detection limits

The MDL for each element depends on its electron affinity or
ionisation potential, the chemical nature of the sample and the type and
intensity of the primary ion beam. At the absence of spectral
interference, the higher the sputtering yield, the lower the MDL. In some
cases, methods of increasing the secondary ion beam are used. Then, a
second ionising radiation is rastered close to the sputtered surface so that
a more efficient ionisation of the particles occur. High intensity laser
beams (SALI - surface analysis by laser ionisation) are normally used.

Samples

For better depth resolution it is important to keep the samples very
well polished with micrometer finishing. For geological studies, thin
sections of minerals or, preferentially, single grains are cut and polished
in a glass mount of about 2,5 cm in diameter.

Instrumental
SIMS instruments are mainly distinguished by their primary ion

beams and the type of spectrometers they use to analyse the secondary
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ions. Beams of oxygen, argon and caesium from duoplasmotron sources
or gallium from liquid metal on sources are used depending on the
applications. The use of high brilliant liquid metal ion sources allows to
achieve high spatial resolutions.

For the measurement of secondary ions, different types of mass
spectrometers can be used: time of flight, magnetic quadrupole and
double focusing electrostatic or magnetic sector.

Artefacts

Several artefacts are inherent to SIMS analysis and complicate its
application. The most important amongst them is mass interference.
Nominal mass-to-charge ratio can be equal for several atomic clusters in
the sample, interfering with the atomic species of interest. An example of
this is the molecular ion 29Si30SiI6O+, which interferes with the atomic ion
75As+ when studying arsenic depth profile in silicon oxide SiC>2. This
problem is partially solved by using some voltage offset to distinguish
atomic from molecular ions. Other artefacts include crater bottom
roughening, presence of oxides on the surface and sample charging up.

Static SIMS

By definition, SIMS methods are destructive. The sample surface
is eroded as clusters of atoms are sputtered away to the analyser.
However, it is possible to keep the sputtering rate very low, improving
thereby the sensitivity of the method to surface chemical environment.
This operation mode, known as static SIMS, uses very low primary ion
beam current densities, normally not exceeding 5 nA/cm2 ( the current
density in nuclear microprobes is one million times higher). An atomic
monolayer is sputtered in several hours of bombardment so very sensitive
detection methods are used. The low currents required make it possible to
use electron bombardment for producing the primary beam of ions,
which are then accelerated to energies between 0,5 and 4 keV.

Static SIMS is labelled a micro-analytical technique because of the
very small volume of material probed. It can be used to perform chemical
mapping of surfaces and is never used in depth profiling imaging or
measurement of trace elements concentrations.
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3.2.5 Laser Microscopy

Laser Microprobe Mass Analysis (LAMMA)

The advent of very powerful lasers emitting short wavelength
radiation in pulses as brief as 1 ps provided a new sort of ion source
to be used for several analytical methods. In laser microprobe mass
analysis, a sharp pencil of laser light ( normally Nd-YAG, power density
of 1010 to 10" W/cm2) is used to probe a small spot (down to 0,5 Jim in
diameter). The probed spot is adiabatically transformed into a plasma and
the emitted ions are mass analysed. Since this can be done only once in
each spot, because the spot is literally evaporated, only dynamic methods
like time-of-flight mass spectroscopy can be used.

By mounting a sample on a convenient xy movable stage, mass
and elemental distribution on the sample can be mapped. Typical
detection limits are in the sub-ppm range.

As in the case of SIMS, the process of ion emission from a hot
plasma cannot be easily described analytically. Quantitative results are
thus difficult to obtain. Matrix effects, however, are less important than
in the SIMS method.

Laser ablation methods

Powerful laser beams can be used to ablate minute samples,
functioning as ion sources. In geological applications, the laser ablation
method is normally coupled to an inductively coupled plasma - mass
spectrometer (ICP - MS) for studying micrometer sized fluid inclusions
in minerals.

The strongest advantages of laser ablation is that it is practically
adiabatic, virtually causing no influence to the surrounding sample and
analysis can be performed very quickly (a few seconds for each cycle).

3.2.6 Nuclear Microscopy

A Nuclear Microprobe is an IBA facility normally using protons or
alpha particles as projectiles, and equipped with some means of forming
the probe and scanning it across the target. As stated before, a multitude
of analytical techniques can be used then, by detecting the different kinds
of signals that are emitted from a sample under ion bombardment. The
diversity of tasks that can be accomplished at a NMP, and consequent
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demand on beam time for both application and development, led some
NMP groups to build up dedicated facilities [Mal-93].

The physical processes involved in NMP techniques were
reviewed in considerable detail in Chapter 2. In this case, however,
imaging capability is added to all the IB A methods. The imaging in NMP
is invariably made in the scanning mode and digital elemental maps with
different kinds of information are recorded.

The first use of a nuclear microbeam was by Zirkle and Bloom in
1953 to study radiation damage in different parts of animal cells. They
used tens micrometers-sized apertures to collimate a beam of alpha
particles. A long time passed until the reports on the use of microbeams
for analytical purposes appeared. In 1966, Pierce and co-workers
described the use of a deuteron beam with 250 [im in diameter in NRA of
aluminium using a mechanic scanning stage. Since then and following
the invention of semiconductor detectors, different nuclear microprobe
techniques have appeared and have demonstrated their advantage over
other trace analytical techniques with imaging capability, mainly due to
the possibility of the combined use of different techniques in a single run.

Unfortunately, a NMP is a very complicated set up composed of
different parts, each of them requiring sharp understanding of the physics
behind its operation in order to run it more efficiently. So, to the dismay
of the scientific community, the NMP is only associated with nuclear
physicists who develop techniques and run application projects. Attempts
exist [God-95] of trying to look at a NMP facility as a whole (holistic
approach) and simplify the operation procedures to the maximum so that
researchers with low training level in nuclear physics could yet use the
facility appropriately. In this trend, I see the future of NMP techniques,
which have to move out of the nuclear physics institutions, much in the
same way electron microscopy quite successfully did in the past, to snick
their way through the galaxy of analytical techniques used in the realm of
the natural sciences.

3.2.6.1 Micro PUCE

The technique of jiPIXE is the microprobe variant of PIXE, which
was comprehensively described in Section 2.2.1. The high sensitivity of
the method combined with the imaging capability enables quick and
accurate analysis of micrometer-sized structures in archaeological, bio-
medical, environmental and geological samples.
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In geological applications, JJ.PIXE is normally used to detect trace
amounts of medium-to-high Z elements in a low-Z mineral matrix,
enabling its use for studying virtually all the areas delineated pointed in
Section 3.1.

3.2.6.2 Ionoluminescence

3.2.6.2.1 The phenomenon

Ionoluminescence is the process by which infra-red, visible or
ultraviolet light is emitted by a sample under ion bombardment. The term
luminescence is common to different kinds of excitation mechanisms and
has been known since the antiquity. This phenomenon includes both
phosphorescence and fluorescence. The former stands for the processes
where the radiation is emitted even after cessation of the excitation, while
fluorescence is the prompt (within 10"8 s) emission of light under
excitation.

The physical principle involved is rather straightforward: electrons
in the specimen can absorb energy from some excitation source and jump
into excited states. The de-excitation process is accompanied by light
emission. In the case of phosphorescence, the electrons are excited to
metastable levels with long lifetimes. Eventually, some kind of ionising
radiation can excite the electrons onto the metastable states, the decay
rate of which is known and very low. Heating the sample at controlled
conditions, however, increases the decay rate and a glow curve as a
function of temperature can be recorded. This method is applied in
geological datation and radiation detection in personal thermo-
luminescent dosimeters.

Provided that the radiation quanta from the exciting source have an
energy high enough for the electrons to cross the gap between the ground
and excited states, no difference in the nature will be shown for
luminescence excited by different sources. The only remark remains only
for some spin-offs arising from the nature of the excitation radiation like
penetration in the material (and hence probed depth) and radiation
damage of the specimen.

Depending on the excitation, luminescence phenomena can be
grouped in the following categories:
i) Photoluminescence (PL), where the light is induced by optical quanta

(UV,VISandIR);

ii) Chemiluminescence (ChL), induced by chemical reactions;
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iii) Rontgenoluminescence (RL), induced by X-ray bombardment;

iv) Cathodoluminescence (CL), induced by electron beam bombard-
ment, and

v) Ionoluminescence (IL), induced by ion bombardment.

Of these excitation processes, only photo- (VIS and IR) and ChL
efficiently use the energy to excite the electrons. In the other excitation
methods, the energy of the quanta or particles is so high that a great deal
of it gets deposited in the specimen crystal, heating it and damaging its
structure, thereby reducing the light emission.

In characterisation of geological material, the traditional optical
excitation methods [Mor-70] were replaced by CL coupled to SEM
instruments. A wealth of information about CL for geological material is
available [Mar-88]. Recently, NMP groups have reported the novel use of
IL much the same way as CL in electron microscopy [Yan-95]. The
difference between the excitation processes by several tens keV electron
beam and by a few MeV proton beam is illustrated in Figure 3.1.

The onion shaped excitation volume of the electrons is normally a
few micrometers long in typical geological material (1 to 6 |im) while
protons penetrate ten times as deep. It follows that the IL light comes
from much deeper layers and the opacity of the sample can be regarded
as a drawback. IL is, thus, more suitable for studying structures buried
"deep" in the material. Moreover, the ionising power of protons is higher
and beam damage is more severe in IL studies. Since luminescence is
sensitive to chemical changes, the damage induced by the probing beam
can be monitored on-line by charring and tarnishing of the sample.

3.2.6.2.2 Causes of luminescence

Luminescence from a mineral can be classified into two categories:
intrinsic or impurity-activated. The first group accounts for the
luminescence from very pure natural or synthetic minerals and the second
for minerals with minor or trace impurities of different elements.

Activated luminescence - activators
During the process of mineral formation, different types of defects

can be introduced in the crystals as they grow. The most important of
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them, from the point of view of optical characteristics of the crystal, is
the substitution in lattice positions of host atoms by impurities. The
energy levels of the substitutional ions will be influenced by the crystal
field, which can lead to the creation of colour centres.

The crystal field formalism best explains the luminescence
phenomena in ionic crystals containing impurities of ions with unpaired
electrons. These electrons originate either from the transition metals
(elements from Sc through Ni ), which have a partially filled d shell, or
from rare earth elements (REE), with a partially filled/shell.

Focused ion Oeam

Focused electron beam

Cathodokjminescence

Specimen

Figure 3.1. Difference in electron (left) and proton (right) luminescence excitation
range and volume (not to scale).

Out of all these elements, iron is the most prevalent in the earth's
crust (about 5%), so iron ions will contribute greatly in the formation of
colour centres in minerals. In Figure 3.2, the effect of a crystal field of
some strength, Dq, on the energy levels of the Mn2+ ion is represented.
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Because of its relatively higher abundance ( 0,1 %) and its similarity to
Ca2+ and Mg2+ in terms of radius, it substitutes for these ions in different
minerals. The electronic structure of a neutral Mn atom is

Is22s22p63s23p63d54s2.

To form the ion, this atom gets stripped of its 4s electrons. The energy
levels of a free Mn2+ ion are represented in the left side of Figure 3.2.
The first two excited states are termed 4G and 4P.

Crystal fieM, strength Dq

Figure 3.2 Energy levels of a free Mn2+ ion (left) and a Mn2+ ion in a crystal field of
some strength, Dq. The energy terms are those commonly used in crystal field theory.
(Adaptedfrom QAar-79]).

In a crystal field of strength Dq, the first excited state 4G (actually
four closely packed states of the 3d electrons) can be split into four levels
named 4Eg,

 4Ag,
 4T2g and 4T]g. The latter level is closer to the ground

state and an optical transition can then be excited (Figure 3.2, right).
The calculation of Dq in different crystals can be done using some

approximation methods. This is because the crystal ( or ligand) field is a
function of different parameters, like the valence state, the symmetry of
the ion's environment (i.e., whether the crystal has a tetrahedral,
octahedral, or any other polyhedral symmetry), distortions of the ideal
polyhedral field due to crystal defects, and the nature and strength of the
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crystal bonding. The statistical nature of the distribution of crystal
defects, as well as of the Mn2+ impurities themselves, endows the spectral
line with a probabilistic character in terms of light wavelength and a
broad peak for the manganese-activated luminescence (Figure 3.5d). This
is a general feature for the activation process by transition metal
elements.

A different pattern arises when analysing the luminescence
phenomenon activated by REE. This is a group of chemically very
similar elements, also called lanthanides, with the following electronic
configuration:

[Is22s22p63s23p63dio4s24p64d'o]4fk [5s25p6]5d'6s2, where k=l... 14.

Most REE form trivalent ions but some of them, like Eu and Sm, can also
form divalent ions. In the case of REE2+, the 6s electrons are removed
and the remaining 5d electron is the one most probably excited and hence
participating in optical transitions. This electron is almost free and will
be influenced by the environment, so REE2+ peaks are broad and depend
on crystal parameters. Another reason for the broadening of these peaks
is the fact that the transitions from level/to level d (f—>d) and the (less
probable)/ —>f occur in the visible range, overlapping with each other.

In the general case of trivalent ions, REE3+, a further 5d electron is
stripped out of the ion and the only electrons that can participate in
transitions come from the partially filled 4f inner shell. These electrons
are shielded by two completely filled shells and they are not strongly
influenced by the environment. REE3+ activated luminescence peaks
show up rather sharp and are characteristic (Figure 3.5b). In this case the

f->d transitions are in the UV region and do not overlap with t h e / —> f
transitions.

Co-activators or sensitisers

Sometimes the luminescent transitions in the activator impurities
can only be excited efficiently by the de-excitation of another ion present
also as impurity. In this case, the activator excitation by the proton beam
is not an efficient process and a resonant transfer of energy from one ion
to another ( like in the cases of gas lasers ) can pump the luminescent
levels. Figure 3.3 shows the energy levels of a co-activator or sensitiser
and the process of resonant transfer to the levels of an activator impurity.
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Quenchers

The resonant matching of energy levels between two different
impurities can sometimes constitute an impediment to the luminescence
phenomenon. Indeed, quenching ions can siphon off the energy of an
excited luminescent centre without any light emission. The most
important quenching ion in minerals is Fe2+. However, this ion can
become an activator in other environments (Figure 3.5c) and quenching
is only in relation to specific crystal environment and activator.

Sewdtiser (co-activator) Activator

Figure 3.3. Process of resonant energy transfer from a sensitiser to an activator
impurity. (Adaptedfrom {Mar-79]).

Band theory and the colours

Unlike the crystal field theory, which applies for light-generating
electrons bound to impurity ions, the band theory formalism regards all
the electrons as belonging to the crystal as a whole. Semiconductors and
insulators are good examples of where band theory can be applied. Their
energy level exhibits a completely filled valence band separated from the
empty conduction band by some energy gap, Eg (Figure 3.4). A very
important class among these substances are the wide-band-gap minerals,
which have Eg > 3,5 eV. This is the range of energy for the visible light
and these materials cannot absorb any wavelength in that region and so,
are colourless ( [Nas-78] ). This fact is also associated to their low
conductivity since the environment thermal energy cannot pump up
electrons to the conduction band.
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However, with the addition of small amounts of impurities, both
donors or acceptors can introduce new intermediate levels and make it
possible to observe some optical transitions under proton bombardment.
Very shallow acceptor levels or very deep donor levels can make it
possible for optical transitions to be excited by visible light, so the
mineral will exhibit some colour at light excitation as well.

Zircon (ZrSiO4) is a good example of a wide-band-gap crystal in
which small amounts of REE activators can induce a variety of
luminescence lines in the visible and IR region.

E f

E y extrinsic activated intrinsic
by impurity ions

Figure 3.4. Illustration of the band theory approach to the luminescence of insulator
and semiconductor material.

Intrinsic luminescence

As a rule of thumb, very pure minerals either do not luminesce or
do it very weakly. However, crystal imperfection can induce distortions
in energy levels of the whole lattice and eventually some optical
transitions become available. The main aspects that increase the crystal
imperfection are ([Mar-88]):

- non-stoichiometry;
- structural imperfections, caused by poor ordering of the crystals,
radiation and shock damage;

- non-activator impurities.
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The unpaired electron producing light emission under ion
bombardment can be situated on a crystal defect or on a non-activator
impurity. This is possible when Frenkel defects due to imperfections or
damage exist in the crystal. Inside the crystal, some compensatory
charge movement will occur in such cases, producing distorted energy
levels that eventually can luminesce. Since many different mechanisms
of compensation are possible, the intrinsic luminescence will exhibit
broad peaks (Figure 3.5a).

3.2.6.2.3 Methods of detection oflonoluminescen.ee

The product of IL is visible, UV and IR light, so in principle, any
optical detector can be used. The most simple optical detector is the
naked eye and IL light has been used to quickly locate the sample
position when analysing geological material. To an experienced operator,
mineral identification can be made rather easily by observing the IL
colours and using some other preliminary information about the sample .

Using a microscope on line (in transmitted or reflected light) gives
a more detailed insight of the mineral assemblages present in the sample.
The attachment of a photographic camera allows for making unique
micrographs, in terms of amount of information about the sample and
sometimes beautifully contrasting colours. The IL micrographs generally
give more information than the conventional SEM images since, as stated
before, buried structures can be shown in relative detail and in colour
contrast. Competing petrographic images in polarised light do not show
much of those details either.

Digital maps can normally be constructed when detecting the IL
light in the so-called pan-chromatic mode. In this case, the whole light
coming from the irradiated sample shines through the entrance window
of a photomultiplier tube (PMT) and the electric signal coming out of it
is processed by normal electronics. Provided that no sophisticated
position-sensitive PMT's are used, this mode is accomplished in a NMP
with a scanning proton beam. The light intensity of each pixel is recorded
and the colour coded maps are produced. There is a concern, however,
that eventual phosphorescent mineral phases can give spurious results in
this case, since the delayed luminescence from one pixel can come along
with the luminescence of the actually probed spot.

Sometimes it is interesting to do imaging in a specific wavelength.
In this type of study, a filter monochromator can be interposed between
the sample and the PMT, and the intensity of light at a specific
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wavelength of every pixel (in the scanning mode) or a micrograph are
recorded.

All of the methods described so far deal with the imaging
capability of IL and can help in making some qualitative interpretation
about the sample. Semi-quantitative results can be obtained in the
spectroscopic mode of detection, where the light coming from a given
point illuminates a scanning grating spectrometer and the different
intensities at different wavelengths are recorded. Cheap spectrometers of
the Czerni-Turner type with a scanning grating at a regulable speed
coupled to a PMT detector can be used for this purpose. The main
disadvantages of these systems are:

- low resolution;

- long measuring time ( typically about 20 minutes to scan over
350 run to 900 nm ), which makes it impossible to follow some
very dynamic transient processes and jeopardises the sample
integrity because of beam damage, and

- high dark currents in a wide range of PMT's available.

A more elegant solution, though more expensive, can be the use of
arrays of charge-coupled devices (CCD) coupled to a fixed-grating high
resolution Czerni-Turner spectrometer. The resolution of CCD arrays for
specific measurements can be reduced to units of Angstroms, with
sampling times in the millisecond range.

3.2.6.2.4 Quantification and sensitivity

By observing IL spectra, it is possible to identify the peaks of the
activator impurities fairly easily. For this purpose, one can use the wealth
of information that is available from PL and CL. However, quantification
of IL spectra is fraught with difficulties.

In general, the IL signal will depend both on sample properties
like: concentration and efficiency of colour generating centres,
opacity/trans-parency to different light wavelengths, concentration and
efficiency of quenchers, and on system properties like the light collection
efficiency and the detector solid angle. Unfortunately, the light
generation process is much more complicated than this simplistic theory.
The chemical state of the sample, the strength of the crystal field, the
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variations in defect location and the lattice location of impurities can all
change the intensity and wavelength of the induced light considerably.

Methods trying to extract as much quantitative information as
possible from IL spectra point towards combination use of different
signals, like PIXE and IL ([Mal-96], [Utu-95]) or multivariate statistical
methods of analysis of information from different signals maps [Swi-93].

EL is a very sensitive technique. MDL are, in the best cases, in the
ppb range for impurity activators. Endeavours envisaging to bring up a
more clear theoretical picture of the light induction through ion
bombardment must be undertaken in order to improve the analytical
ability of IL. Moreover, studies of luminescence in different minerals can
provide the necessary database for theoretical modelling.

3.2.6.2.5 Applications ofIL in geological studies

Luminescence techniques are widely applied in geological studies
since geological material normally luminesces, is less prone to beam
induced damage and the results give easily interpretable information.

In NMP set-up's with geological applications, coupling an IL
detection system can be rewarding and the following items can be readily
addressed:

i) Quick mineral assemblages identification by the colour of the
emitted light in petrology and mineralogy studies;

ii) Study of zoning patterns in minerals with applications in
mineral exploration: normally some "gangue" minerals like
quartz are associated with the penetration veins of some mineral
forming fluids. The study of fluid inclusions then, can reveal the
thermodynamic conditions that governed the hydrothermal
deposition process and help in assessing their economic value.
IL images give much detailed information about the zoned
growth of the minerals.

Zoning patterns studies are also important in geological
dating. Normally, accessory minerals like zircon (ZrSiO4) are
used as chronometers due to their ability to incorporate U and
Th and the Pb decay products in the crystal. The mineral can
eventually be formed at different ages through successive
overgrowth by crystallisation of relatively "young" melts.
Applying the dating to the whole mineral can lead to erroneous
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results and each growth zone must be dated separately. IL helps
in identifying the zoning structure of this mineral [Yan-94].

iii) Geochemical characterisation of minerals, through detection of
trace presence of activator impurities (like transition metals and
rare earth elements) in ppb - to - ppm levels. The combined use
of IL with PIXE can provide the possibility of quantification of
such impurities.

iv) Beam-induced damage studies in materials. IL is very sensitive
to the crystal lattice conditions and to the chemical environment
surrounding the activator and the quencher impurities. Beam
irradiation conveys extra energy through collisions to the crystal
which can significantly alter the chemical environment. The
wavelength and intensity of the luminescence light can then
change in time as more dose is absorbed by the mineral.

In insulator and semiconductor crystals, the ion beam can
eventually induce some conductivity changes by increasing the
carriers concentration in a very limited volume (at the ion
projected range) and can, in a way, be regarded as a material
science technique, aiming at material modification and
monitoring [Jam-95].

3.2.6.3 Other NMP techniques

Focusing protons down to micrometer sized spots and measuring
the different signals coming out from the bombarded specimen is the
modus operandi in a NMP. It is generally accepted that a beam current of
100 pA is the minimal acceptable for any useful analytical work [Mal-95]
except the STIM1 technique that uses currents in the range of a few pA.

Achieving higher spatial resolution, i.e. smaller beam spot sizes,
can be a handicap to the NMP techniques since it limits the fluency of the
protons. In other hand, the high current densities attained at such
conditions can be damaging to the samples. Therefore, NMP experiments
are run at beam current values and spot sizes defined not only by the
ultimate resolution achievable, but also by the specifics of the analysed

' Recently a detector holder for off-axis STIM was described [Sjo-96], which allows using "normal"
high currents since the detector views the particles that are transmitted and scattered at an angle by the
sample. Cross-sections for this process depend strongly on the angle of detection and the distance to the
sample, so combined studies using off-axis STIM and other techniques can be made.
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sample. Different techniques have been developed for specific
applications in a NMP, where the signals in Figure 2.1 are detected.

Methods based on the detection of elastic scattered particles,
nuclear reaction products, recoils and light have been used successfully.

In ion beam induced charge collection (IBIC), the damaging
effects of an ion beam in the crystal structure can be used to induce
electron-hole pairs in electrically active semiconductors. Since the
efficiency for charge collection of a semiconductor (say a p-n junction)
depends on the concentration of traps and recombination, the collected
charge gives information about the presence of defects.

During the last two decades, several technique developments have
been reported by different NMP groups and I do believe that the settling
and developing phase for NMP techniques has already passed. Most
emphasis must be placed on performing the correct applications of all
these methods in different research fields. This fact will help in
establishing some of the methods as routine analytical techniques for
specific applications, and gathering new information that can be the
necessary feedback to further improvements.

3.3 The Lund Nuclear Microprobe

The Lund Nuclear Microprobe (LNMP) is assembled around a
single-ended Pelletron machine of the type NEC (3UH), completely
dedicated to microprobe applications [Mal-93], with a terminal voltage of
3 MV. The beam line is kept under a vacuum better than 1 x 10'6 Torr by
means of a turbo-molecular pump mounted at the exit of the accelerator
and four diffusion pumps with liquid nitrogen traps, one of which is
situated directly under the reaction chamber. Vacuum failure guarded
valves were inserted immediately before each pump in the upstream
direction.

The beam is generated by an RF ion source. Theoretical values for
brilliance of such sources are in the range of 10 pAmrad"2u.m"2, which can
just be enough to get a 1 \im sized beam with analytical capability [Wat-
87]. Smaller beam sizes, usable in applications like semiconductor
industry, imply the development of high brilliance duoplasmotron or
liquid metal ion sources.

The great disadvantage of single-ended machines is that the ion
source is located at the high voltage end within the pressurised tank.
Some improvements are underway in order to make it possible to change
the ion gas from outside.
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The general view of the beam line is illustrated in Figure 3.6. The
beam at the exit of the accelerator tube is pre-defined by the exit slits,
which reduce the amount of beam dumped downstream on the more
precise object slits. After that the beam passes through a pre-focusing
stage with a magnetic quadrupole doublet, and through the analysing and
switching magnet, which bends it towards the 15° arm where the NMP is
installed.

The beam position can be controlled by a magnetic steerer placed
inside the accelerator tank and electrostatic steerers placed before the
object-defining slits. Luminescent beam viewers and a closed-circuit TV
system permit monitoring the beam position and size in three important
nodes: before the object, after the aperture slits and just before the
magnetic lens.

The object-forming slits can vary from 0 to 200 (im whilst the
beam divergence limiting slits (just called aperture slits) vary from 0 to
500 um. This range is suitable for the different applications currently
running at the Lund NMP. The microprobe forming lens is a magnetic
quadrupole triplet, which, together with an electrostatic quadrupole lens
accommodated in its pole bores, forms an achromatic quadrupole triplet
[Tap-89]. Normally only the magnetic triplet is used.

Beginning with the probe formation and ending at the specimen
chamber, the system is hung upon solid concrete and iron piers, which sit
on an anti-vibration floor. This is isolated from the low frequency
vibrations of the accelerator, fore-vacuum pumps and the building in
general. The accelerator tube is also covered by a metallic foil in order to
minimise stray magnetic fields induces by the mains.

The beam is scanned post-lens by xy magnetic coils either
manually or computer-controlled.

The data acquisition system

The data acquisition system (DAS) comprehends the scanning
control system and the multi-parameter data collection and storage. The
first task is accomplished by a VME multiprocessor module system to
the bus of which different devices can be coupled ([L6v-89], [Tap-87]).
The processor module controls the sequence of scanning patterns that are
sent to a digital-to-analogue converter and the 0 - 5 V output signals
drive the current generator that feeds the magnetic steering coils. A
maximal resolution of 4096 x 4096 pixels is achievable.
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The signals from the detectors are pre-processed by conventional
electronic NIM™ modules and analysed by four ADC's and an eight-
ports multichannel sealer (MCS). These are part of the Nuclear Data®
DAS. The multi-parameter data composed of x and y coordinates and
different signals from the detectors is conveyed to the mass storage units
of a |iVAX II host computer.

Over the years, many revolutionary changes have occurred in the
field of signal processing and digital computation. The availability of fast
electronic CAMAC modules from standard particle physics experiments,
gigantic low priced mass storage units and graphic-interfaced fast
computation units allowed to enlarge the horizons in terms of user-
friendliness and versatility of the DAS. A novel approach to the problem
of data collection and processing is presently being implemented at the
LundNMP([Elf-96]).

Continuous developments and improvements to the beam line are
being made and the latest ones are described in Section 4.1. The major
aim remains to approach compactness, easy-to-operate, automation of
some routine steps and, hence, repeatability of beam location and size, as
well as stability in relation to drifts during long runs.

3.4 Specifics of analysis of geological samples with a Nuclear
Microprobe

Geological specimens are composed of a matrix of light elements,
the so-called rock-forming minerals, and embedded high-Z minor, or
trace elements. As discussed above, the latter constitute the object of
analyses in geochemistry, since information about mineral formation and
transformation conditions is encoded in their distribution patterns.
Bearing this fact in mind, specific approach to the NMP set-up must be
made if geological specimens are to be analysed with an acceptable
degree of confidence.

Samples

In bulk PIXE analyses, the samples can be arranged as compressed
powder pellets of previously ground rocks. The compression envisages
increasing homogenisation in order to reduce errors in quantification
procedures. The majority of NMP analyses of geological specimens,
however, addresses many more aspects than the average concentration of
trace elements, and the mineral assemblages are analysed as they appear
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in the nature with minor changes. For this purpose, thin sections are
normally used.

During sample preparation special care must be undertaken in
order to avoid contamination. The final polishing to micrometer
"smoothness" is normally done using diamond paste. Thin sections can
be used with different analytical methods like petrographic microscopy,
electron microscopy and microprobe and nuclear microprobe.

The majority of rock forming minerals are insulators, and during
ion bombardment, the charge build-up can lead to deterioration of the
energy spectrum of X-rays. The charge can be drained out, to the sample
holder for example, by coating the sample surface with a conductive
layer. Normally, carbon is used, since the soft X-rays from it are not
detectable by a conventional Si(Li) detector.

The proton beam

Interesting features in geological samples are urn sized and one
can feel tempted to use a very small beam size to insure higher spatial
resolution. A lower limit of 100 pA must be sought for PIXE analysis
but in real cases this limit can be much higher, going up to few nano-
amperes. Higher currents are, logically, achieved at the expense of lower
spatial resolution. Specific cases must be handled differently and the
necessary compromises assumed. In making line-scans, for example, the
resolution in one direction can be sacrificed in favour of the other (the
scanning direction) with no major changes in current values.

Beam current measurements cannot be made by an on-line Faraday
cup since the thin sections are normally mounted on a thick glass slide.
The sample wheel itself can be used, if appropriately insulated, as a
Faraday cup. Secondary electrons suppression by some negative voltage
in front of the sample is a normal procedure in this case. More accurate
charge measurements can be made by the rotator vane technique, as
described above.

Artefacts

The first concern in analysing geological samples by PIXE arises
from the nature of the samples themselves. High cross sections for K X-
ray production yield high intensities for the major low-Z elements
present in the matrix, which keeps the detection system busy, and the
much lower intensity L lines of the heavier elements of interest will show
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up in this "background" radiation. To reduce the intensity of such peaks,
different kinds of absorbers are normally used. These can be:

i) funny filters, which are absorbers with a pinhole in the middle. The
solid angle for soft X-rays is drastically reduced, whilst keeping a
higher detection efficiency for the higher energy X-rays;

ii) critical absorbers, which are filters made of an element about two
a.m.u. lighter than the one whose X-rays we want to suppress. The
former element has an absorption edge coinciding with the energy of
the X-rays of the latter one, and a strong reduction is then experienced.
Unfortunately, this is accompanied with the emission of secondary X-
rays induced in the material of the absorber and special care must be
taken in order to avoid interference with the sample's X-rays.

Sometimes, two different detectors are used in parallel, one for
major and the other for trace elements analysis. This is a rather easier and
efficient technique but is conditioned to the availability of an extra Si(Li)
detector. We have used such system in analyses of apatite samples, where
the fast X-rays from phosphorus were detected by one detector and the
second one, with suitable filters, detected REE [Utu-95].

Some matrix elements in geological samples like fluorine, present
in fluorite and sodium, present in plagioclases, can display high cross
sections for proton activation and emit copious fluxes of y - rays under
bombardment. Despite the fact that the energy of these y-rays lies far
above the sensitive region of the Si(Li) detector, multiple scattering
processes can introduce an extra-source of continuous background,
worsening the detection limits for REE. An anti-Compton shield can
reduce these problems but some more sophistication of the signal
processing electronics is needed.

Large X-ray peaks normally display a low energy tail that affects
the peaks of heavier elements. This is the case of the Zr Ka peak in
analysing zircon crystals, on whose tail "sits" the normally smaller Y Ka
peak. Lead peaks are also affected making thereby, the quantification of
Pb for datation, very difficult.

Spectra fitting

The above numbered phenomena must be taken into account when
analysing the spectra of geological samples. Throughout this work, the
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GEOPIXE package, developed at CSIRO [Rya-90], Australia, has been
used. This program takes care of the major artefacts arising in the
analysis of geological samples. The commissioning of a new DEC 3000
ALPHA workstation enabled working practically on-line during spectra
evaluation, increasing the throughput of the analytical procedures.

Adaptations of the specimen chamber

The general layout of the specimen chamber during PIXE and
IL measurements is shown in Figure 3.7. A rear-view microscope with
interchangeable objective lenses enables quick sample location when
transparent specimens are analysed. The sample wheel is x, y, and z
movable, i.e., can be translated in any axis which permits focusing of the
beam spot onto the wanted position. It is also electrically insulated to
facilitate beam charge measurements made.

When analysing opaque samples, a top microscope equipped with
optional CCD camera and video monitor can be used to view the front
part of the samples through the reflected light from a mirror. The beam
can pass through a small hole in the mirror so that it is possible to view
the sample during analysis.

Two detector ports, one on each side at a 135° angle to the beam
direction are used for the X-ray and the IL detectors. In some
applications, two X-ray detectors can be used simultaneously. The Si(Li)
detector normally used for PIXE has an active area of 50 mm2 and a
resolution of 155 eV at the 5,9 keV Mn Kcc peak.

The arrangement for IL detection can be seen on the right side of
Figure 3.7. In the imaging mode, the light collected by a special
collimator lens, is bent by a 45° mirror into the Hamamatsu® R585 PMT.
This tube has a low dark current and a narrow dynamic range (160 to 650
nm). When imaging at a specific wavelength is envisaged, a filter
monochromator can be interposed in the light path to the PMT detector.
In spectroscopic measurements, a Hamamatsu® R943-02 PMT is used.
This one has a larger dynamic range ( 160 - 940 nm ) and a higher dark
current. During measurements, it was cooled down to -30° C, thereby
reducing the dark current to 1 cps.

Part of this thesis was made using a new IL detection system based
on a CCD detector procured from Hamamatsu® of the PMA-50 type. This
is a 1024 array detector with Peltier cooling to reduce noise. The
spectrometer allows using a PMT in a second port instead of the
semiconductor detector and has a turret with three different gratings so
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that different resolving powers can be used at different wavelength
ranges. The main advantages of this detection system are higher
resolution and fast measuring (down to several tens of milliseconds).
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Figure 3.5. IL spectra of: a) pure synthetic zircon mineral; b) dysprosium doped synthetic zircon; c) natural zircon, and d) apatite (Mn2+
activated).
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Figure 3.6. Layout of the beam line of the Lund Nuclear Microprobe.

Legend:

ace. - single - ended 3 MV Pelletron accelerator;
t.p. - turbo-molecular vacuum pump;
sL - beam defining exit slits;
q.d. - pre-focusing magnetic quadrupole doublet;
p.s. - power supply and control of the turbo pump;
a.m. - analysing and switching magnet;
d.p. - oil vapour diffusion vacuum pump;
e.sl. - energy stabilising slits;
b.s. - beam stop;
b.v. - beam viewers;

obj. - object forming slits;
ap.- beam divergence limiting slits;
lens - achromatic magnetic quadrupole triplet lens;
s.c. - magnetic scanning coils;
ch. - specimen chamber;
c.p. - concrete /iron piers;
w.s. - working stage;
a.v.n. - anti-vibration niche;
• - guarded high vacuum valves.
e.st. - electrostatic steerers.



Figure 3.7. Top view of the specimen chamber with the equipment for geological
studies mounted.

Legend:

1 - Si(Li) X-ray detector;
2 - Magnetic quadrupole lens;
3 - magnetic scanning coils;
4 -proton microprobe;
5-45 °mirror with a central hole;
6 - geological sample;
7 - aluminium sample wheel;
8 - rear view microscope;
9 - VIS-UV collimator lens

10 - mirror;
11-PMT;
12 - Optical spectrometer;
13 -filter monochromator;
14 - xyz movable stage;
Note: a top microscope is used to view
opaque samples from the front using
the reflection from the front mirror.
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4. Results of geological studies using Nuclear Microprobe
Techniques

4.1 A procedure for beam line alignment

The ultimate resolution of a NMP is defined by the smallest beam
spot size that can be achieved on the focal plane of the lens still with
analytical capability (at least 100 pA for PIXE analysis). In geological
applications, normally a few nA currents are required in order to conduct
the experiment in a reasonable time. To achieve such fluency with small
beam size, careful optimisation of the transmittance of the whole system
must be performed.

Parameters that affect the beam spot size include:

i) lens aberrations : astigmatism, chromatic and spherical;
ii) rotational and translational misalignment of the lens;
iii) multipole field contamination in the lens;
iv) beam brightness;
v) accelerator stability;
vi) scattering in the slits' opening, and
vii) stray electric and magnetic fields.

Aspects related to the intrinsic aberrations of the lens package
were dealt with in previous works [Tap-89], [Tap-89a]. In order to reduce
stray electric fields, the beam line and some electrical cables were
covered by a Faraday cage (x-metal foil. Accelerator energy stability is in
the 10"4 range and beam energy stability can be made even higher by
using energy stabilising slits that cut away the "non-monochromatic"
particles downstream, after energy analysis.

In the recent accelerator servicing, we have addressed questions
related to rotational and translational misalignment of the lens package
and improvement of the beam brightness by making a better beam line
alignment. For this purpose, the following changes were made:

i) insertion of rugged exit slits to take on the beam halo and
increase protection of the object slits downstream;

ii) insertion of a x, y, 9 stage for the pre-focusing quadrupole
doublet, thereby enabling correction of translational and
rotational misalignments on it;

iii) insertion of x, y stages for both the object and the aperture slits
allowing for a quick change of their relative position for fine-
tuning in the alignment procedure, and
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iv) reduction of the distance between the object and the aperture
slits from 2180 mm to 1564 mm in order to increase the
transmirtance of the system.

A careful alignment of the beam line was then performed in accordance
to the following procedures:

Optical alignment

The whole beam line and components are aligned relative to the
position of the ion source, using fixed reference marks and a precise
theodolite. A light source was shined behind the slits and their position
changed to millimeter accuracy using the xy stages.

Pre-focusing quadrupole doublet

The beam envelope proved to be very sensitive to rotational and
translational misalignment of the pre-focusing lens. The new stage
inserted below it enabled correction of these parasitic aberrations and
better focusing.

Alignment with the proton beam

The relative positions of the object and aperture slits were fine-
tuned in order to maximise the beam current in the sample position. We
could qualitatively judge the degree of correctness of the alignment by
the amount of bias needed in the electrostatic and magnetic steering
(Figure 3.6).

Lens alignment

First, the quadrupole magnets are excited one by one, and
misalignments in the x and y directions are corrected, relative to a fixed
point in the cross-hair of the back microscope. This is a rather
painstaking procedure and must be done in order: align the x direction
and then the y direction with micrometer precision, for the first
quadrupole lens and then pass to another.

The rotational misalignment is corrected for each possible
combination of two quadrupole magnets. A luminescent target is used
and is viewed at high magnification by the front view microscope (Figure
3.7) coupled to a TV camera. The lens is rotated on micrometer scale,
while dynamically changing from the focused to defocused position and
monitoring the change in the shape of the beam envelope. The system is
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considered correct when in both focused and defocused positions, the
beam remains in the optical axis and the shape of the beam envelope
does not change.

As a result, the beam brightness could be improved up to a factor
of three ( Figure 4.1 ). Beam size estimation by scanning a 2000 mesh
per inch silver grid gave a rough result of better than 2,5 |im x 2,5 u.m for
a beam current of 100 pA.

300 400 500 600 700

Aperture size (nm)

OblectsJze:

300 400

Aperture size (|tm)

for STIM measurements.

Figure 4.1. Graphics
showing the brilliance
measurements done at
the Lund NMP before
(upper) and after
(lower) the servicing
and alignment proce-
dures described above.
An overall improvem-
ent of more than a
factor of three can be
noticed.

The values of
brightness illust-
rated in figure 4.1
are close to the
theoretical limit for
a RF ion source
[Wat-87]. We
expect that a beam
size approaching
one micro-meter
will be attainable at
low current modes,

4.2 Characterisation of inorganic material using IL method

Ionoluminescence is a newly developed technique among NMP
users. Different works presented hitherto point to the advantages of using
IL in geological studies, much the same way as its electron equivalent,
the cathodoluminescence. A wealth of information on the CL of
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minerals is available, which can be used for IL in the majority of the
cases. However, serious discrepancies arise when using proton excitation
(IL) instead of electrons, by virtue of the differences in stopping and
ionising powers. Careful and systematic studies must be done aiming at

i) the creation of a database for mineral studies with IL;
ii) comparison of the results for CL and IL, and
iii) setting up routine procedures for analysis of different

geological samples.

These three issues have been addressed in continuous studies at
the Lund NMP, enlarging the scope to include bio-medical and industrial
samples.

Synthetic zircon crystals doped with REE were analysed for
identification of luminescence lines in the UV, VIS and IR using a new
CCD array detector. Some of the spectra are displayed in Figure 4.2.
Some of them (Yb, Gd and Ho) exhibit the characteristic narrow peaks
for trivalent REE on top of the broad intrinsic band of Zr. This can be
due to difference in the sites occupied by these activators in the lattice or
differences in the process of growing the crystals ( degree of saturation
of the melt from which the crystals solidified ).

Beam damage and modification of the materials

A particular feature arises when exciting luminescence with
energetic particles. Their energy is commonly much higher than the
energy gaps between the excited and ground state of a luminescence
generating centre and the surplus will be lost in the crystal, causing
damage. The amount of beam damage depends on the energy and
momentum of the incident particles. For MeV protons used in IL studies,
this damage is more pronounced at depths of 30 - 60 |im, which is the
range of these particles in different minerals.

The observable symptoms of beam damage are the fading of the
luminescence peak, wavelength shift of the emitted light and charring of
the bombarded spot caused by heating. In Figure 4.3, the decay of a IL
spectrum of tooth sample is displayed. Tooth is mainly composed by the
mineral fluorapatite and some trace elements. The Fe2+ activated
luminescence peak is visible at about 540 nm. The decay of three
different peaks of this spectrum was fitted to two different exponential
functions and is presented in Figure 4.4 (left). The high sampling speed
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Figure 4.2. IL spectra of a synthetic zircon (ZrSiOJ mineral doped with different
REE, taken with a CCD array detector cooled down to 0°. Experimental conditions
were: 2.55 MeVprotons; current -2.5 nA; beam spot size 10 x 10 fim2. The slits
opening of the spectrometer was 200 ptm and the detector exposure time was BOO ms.
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of the new CCD detector permitted the registering of this decay in a
dynamic mode.

In large-band-gap crystals like diamond and zircon, proton
bombardment can be regarded as a process by which positive charges
are buried at a depth equal to the range of the protons in those materials.
The electrical conductivity of the sample may then change [Tri-96]. In
Figure 4.4 (right), an IL spectrum of pure synthetic zircon is presented, in
which the process of internal charging up shows up as narrow peaks
randomly separated on the top of the characteristic Zr broad peak. Using
the new CCD system we could dynamically follow the changes in the IL
peaks' shapes: the internal charging up disappears after about 30 s of
bombardment ( accumulated dose of 1,2 x 1018 protons/cm2). This could
indicate that a conductive path was set in the crystal and the protons,
which mainly accumulated at the depth equal to their range in zircon (35
|im ) and could then be channelled out.

tooth sample

0.1

1
/

' I/

Ii
I ***

\

SO

\

i

300 400 500

Wavelength (nm)
600 700

Figure 4.3. Sequence of IL spectra of a tooth sample showing the decay on peak
intensity due to beam induced damage. The experimental conditions are the same as
in Figure 4.2. The highest peak was first recorded shortly after moving the sample to
a fresh area and each of the following spectra presented in decreasing order was
delayed 1300 ms relative to the antecedent one. The luminescence colour was
yellowish-reddish. As it can be seen, the beam damage is a very dynamic process : the
peak in the blue region ( at 420 nm ) decreased its intensity to half in 2 s, which
corresponds to an accumulated dose of about 8x10 protons/cm .
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decay of the peak M 420 ran.
decay of the peak at 492 ran
decay of the peak at 540 ran
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Figure 4.4. ( left ) : Exponential fit to the decay of the three peaks of Figure 4.3;
(right): IL spectrum of a pure synthetic zircon displaying some charging up in the
form of randomly spaced sharp peaks on top of the characteristic broad Zr IL peak
(see e.g., Figure 3.5a).

4.3 Study of mineral apatites by combined IL /piPLXE methods

Apatite is one of the most common accessory minerals found in
crustal rocks and its presence and distribution are used for geological
modelling of different processes like mantle melting and differentiation
in mantle chambers ( [Roe-87] ). In addition, apatites are commonly
found associated to carbonatites and retain REE in their structure by
the combined substitution of Ca + P by REE3+ + Si in the initial
formula Ca5(PO4)3F. Moreover they are the most important ore
deposits of phosphates.

In this study we aimed at:

i) determination of the bulk concentration of phosphorus;
ii) mapping REE distribution in order to provide information for

petrology studies of the Evate deposit;
iii) studying REE and transition metals activated luminescence in

apatites.

The quantification was made against a Wilberforce® standard and
the two Si(Li) detectors were used: one with an active area of 30 mm2 for
the detection of phosphorus and the other subtending a larger solid angle,
with an area of 50 mm2 for trace elements detection. Phosphate (P2O4)
concentrations higher than 18 % were found for all of the analysed
samples, which makes it viable for use as cheap fertilisers by local
farmers.
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The REE distribution shows an enrichment of the apatites by light
rare earth elements (LREE) relative to heavy ones (HREE). Normally the
ratio Ce/Y is used to describe this tendency. Ce is a LREE and Y, despite
the fact that it is not a REE, its ion, Y3+, has the same charge and the
same radius as Ho3+. Also, that Y is more abundant so it will show up
preferentially whenever a HREE occurs. In the Evate apatites, this ratio
was about 4 in average. This points to the fact that the apatites have
crystallised from a melt enriched with LREE, which is common to
carbonatites. These results are consistent with different studies in apatites
([Fle-82]) and with the previously performed petrographic description of
the deposit ([Tem-90]).

The importance of studying luminescence in apatites springs from
the fact that apatite is a good host for different phosphorescent materials
used the luminescence yield for different activators is much higher in
these crystals ([Mor-70]). The fact that apatites retain REE in
substitutional positions for Ca, makes possible to study the IL spectra of
these elements for comparison with other geological materials, on an
attempt to create a database of geological ionoluminescent material. On
our studies, the typical Mn2+ and REE3+ activated luminescence
transitions were observed and were found to be similar to the CL ones.
The high sensitivity of IL to activator impurities helped in identifying
REE peaks, which were below the detection limits by fiPEXE method.

The combination of IL and U.PIXE showed its powerfulness in
geological studies.

4.4 Study of mineral zonation by IL /juPLXE

As it was described in Section 3.1, zonation occurs during
fractional crystallisation of melts. The study of zoning patterns in
accessory minerals provides a window into the physicochemical
conditions at which the minerals were formed. The information inferred
from such analysis helps geologists to establish models for the dynamics
of the ore-forming liquids, with applications in geological prospecting or
the pressure and temperature conditions that governed the process of
crystallisation, with application in tectonic and petrologic studies in
general. However, in real samples, the zoning patterns are commonly
invisible to light microscope (Figure 4.5, bottom) or even electron
microscope, when buried deep in the sample. Since there is a difference
in activator impurities concentrations among the zones in a mineral, the
IL method can easily map these features with high contrast (Figure 4.5,
upper). The IL method helps to target the zone to be probed during NMP
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Figure 4.5. IL (top) and reflected light (bottom) images of the same spot on a
natural zircon mineral. For the IL micrograph a proton beam of 2,55 MeV
with current - 5nA and exposure time of few seconds were used. (From [Mal-96]).
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MIS MAX
Figure 4.6. Illustration of combined use ofIL (upper image) and ptPIXE for elemental
imaging of an ancient Roman glass sample. The area mapped by PIXE is the dark
square on the IL map (lxl mm2) caused by beam damage. A 2.55 MeVproton beam
with spot size 10 x 10 /Jm2 was used. (From [Jan-96]).
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analysis of geological samples, by locating quickly the interesting
structures.

The combined use of IL and uPIXE is also displayed in Figure 4.6.
Presented are elemental maps of a leached region on an ancient Roman
glass sample of Qumran, Jordan ([Jan-96]). The glasses were found in
archaeological diggings, so they were exposed to severe weathering for a
long time. Using IL imaging, we could identify the different regions by
their light emission. The strong luminescence is Mn2+ activated
(correlates very well with the Mn distribution) and it can be noted that the
presence of Fe is reduced in that zone. Fe2+ is normally a quencher.

4.5 juPIXE studies of pyrites

The microscopic ability imparted to the PIXE method by a Nuclear
Microprobe makes it possible to analysis of geological samples aiming at
the study of distribution patterns of trace elements in mineral grains on a
micrometer scale. These patterns are telltales of the mineralisation
conditions and/or the different geological metamorphic events, to which
the minerals were subjected.

We have systematically studied pyrite (FeS2) grains from rocks of the
northern part of Sweden, for their trace elements content and distribution
profile. Pyrite was chosen with the idea to use the results as a
geochemical method for prospecting for ores, since it was found to be the
most abundant and widespread of the sulfides in different kinds of
bedrocks. Furthermore, its extensive stability range ensures that it will
survive all but the highest grade of metamorphism and so, the distribution
of trace elements in the grains can give valuable insights into the dynamic
changes of the geological environment.

In PIXE analysis of pyrite samples, we have used a 425 u\m thick
mylar and a 300 Jim thick aluminium absorbers, to suppress the intense
peak of Fe K X-rays. We could increase the beam current up to 17 nA,
whilst keeping a reasonable count-rate. This technique enabled us to
attain detection limits as low as 7 ppm (la) for Au with an accumulated
charge of 360 nC/pixel.

Several tens of grains were analysed and the processing of the results is
still underway. However, PIXE studies showed a high concentration of
Co in the pyrites from the Karelian Block (e.g., Figure 4.7), when
compared with the Svecofennian Block, which suggests that the first
region is part of a cobalt province.

A second possibility is that, the availability of Co in the geological
cycle may have changed during the geological time, resulting in the obs-
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Figure 4.7. Trace elements concentration profiles and X-rays maps ofFe, Co and Ni
of grain number 55185 A, from the Karelian Block, northern Sweden. The traverse
analysis was made along the line in the Fe map. All images are 800x800 fltn2 across.
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erverd patterns in the grains. Geological dating shows that the Karelian
Block is younger than the Svecofennian. In Figure 4.8 X-ray maps of
different trace elements in pyrite grains from the Karelian Block, are
depicted, revealing oscillating zonation patterns.

The main aim of this project is to model the dynamics of the ore-
forming processes, to help in geological prospecting. Noble metals like
gold and platinum group elements are commonly associated to different
sulfides and micro-analytical methods like |J.PIXE, help to describe the
partitioning of trace elements in different coexisting sulfide minerals.

MEN1

Figure 4.8. X-ray elemental maps in pyrite grain number N162901_Q showing
oscillatory zonation patterns of Co, Cu, As and Se. Co seems to be correlated with As
(arsenopyrite), which overgrew around a pyrite grain.
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4.6 Geothermometry using fjPIXE

The pressure and temperature conditions prevalent during the
evolution of a geological assemblage, dictate the physicochemical
processes that will take place and, hence, the chemical composition of
the resulting different mineral assemblages. The distribution of some
elements in solid solutions is very sensitive to pressure or temperature
and they can be used as geothermometers or geobarometers.

Using EMPA or NMP it is possible to measure the partitioning of
the different elements in coexisting mineral assemblages and, thus, infer
the P-T conditions of the rock through the geological time.
Geothermobarometry is used to unravel the history of metamorphic
transformations that took place in the rock and helps understanding the
tectonic events responsible for the orogenesis of a terrain and the
dynamics of ore-forming fluids [Spe-89].

We have used NMP to characterise metamorphic rocks of the
Namama metamorphic thrust belt, northern Mozambique, by studying
minerals commonly used as geothermometers.

Iron meteorites

The same concept of geothermometry is used to study the cooling
history of iron meteorites. These ones, are samples of the core of a
planetary-sized body that was formed 4,6 billion of years ago. Studying
iron meteorites is very important for understanding the formation and
development of the terrestrial planets (Venus, Earth and Mars).

The cooling rate of an iron meteorite is inferred through the
partitioning pattern of Ni in the two coexisting kamacite and taenite
facies. However, the "Ni-thermometer" describes the cooling rate over a
narrow temperature interval around 500 °C. In order to cover the whole
cooling range between 750 °C and 300 °C, some other thermometers,
with different diffusivity in kamacite and taenite must be used. We have
started a search for these new cooling rate indicators using a NMP. The
idea is that the concentration in the centre of the taenite lamellae of the
element used as thermometer must display the same dependence on the
lamellar width as does Ni. Then the element can be used to indicate
cooling rates in different temperature intervals.

The study is still ongoing but we have found that Ru and Pd show
the same trend as Ni (Figure 4.9) and presumably may record the cooling
rate of iron meteorites in a higher temperature range [Mei-96].
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5. Conclusions.
In an attempt to summarise the findings and achievements attained at

the present work, the following conclusions can be drawn:

i) a low energy ion beam analysis facility based on a 500 keV particle
accelerator was installed at the Maputo University and is being
experimentally tested;

ii) a long term research capacity building in order to upgrade the
Department of Physics of Eduardo Mondlane University and
manpower training to form a group of multidisciplinary researchers
utilising the IBA facility is ongoing;

iii) a team work at the Lund Nuclear Microprobe has been carried out
addressing mainly:

- the improvement of the apparatus performance in terms of
spatial resolution, easiness of operation, reliability and long
term stability;
- the development of new techniques for specific uses of a
NMP;
- consolidation and application of well established IBA
techniques.

iv) the newly developed Ionoluminescence technique was used in
geological applications. The studies envisaged:

- setting up a new CCD array detection system;
- systematically studying minerals in order to add new
information to the database of IL, and
- establish some routine procedures for geological studies

using IL combined with PIXE.

v) the combination of IL and p.PIXE methods proved to be very
powerful and suited to geological studies in a NMP. Specific
applications included characterisation of minerals and materials by
IL, study of trace elements distribution in apatites and pyrites, study
of geological thermometers.
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