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QUANTITATIVE MICROANALYSIS WITH A NUCLEAR MICROPROBE

Introduction

In many sciences questions associated with the concentration of elements in very small
volumes of a sample arise. In order to shed light on these problems several microanalytical
techniques, capable of providing the analyst with various kinds of information, have been
developed. All of these techniques have their particular advantages and drawbacks and each
technique has applications in which the requirements of the specific problem, which may be
the spatial resolution, sensitivity or cost, makes that technique the most suitable.

Some of the microanalytical techniques are used to solve the problem of revealing the
microdistributions of elements within a sample, i.e. changes in composition within a distance
of the order of 100 um or less, which means that the analysed volumes are very small parts of
a larger sample. The most common techniques for this purpose all use some type of beam
which interacts with the sample. This interaction leads to specific changes in the beam and/or
gives rise to various types of radiation containing the information sought. The size of the
analysed volume for these techniques, i.e. the spatial resolution, is laterally generally
determined by the width of the interacting beam. The depth resolution is, for some techniques,
either determined by the range of the beam in the sample or by the possibility of the produced
radiation of interest to escape from the volume of interaction, while other techniques provide
sophisticated depth profiling.

The information concerning the elements present, given by these techniques is either
quantitative or qualitative and may sometimes also contain information on the chemical state.
The detectable amount of a specific element varies among the different techniques and can be
expressed as the absolute sensitivity, i.e. the minimum mass detectable, or as the detection
power, normally given as a concentration. If a technique has detection limits of less than
approximately 100 ppm (parts per million) it is said to be capable of trace element analysis. It

i should be noted, however, that for some techniques with very high spatial resolution the
•v concentration concept looses its significance.
{ One field of application for these beam techniques, which give "in situ" information on
I the microdistributions of various elements, is biology/medicine where individual cells or
' adjacent cell layers are probed for information. In this thesis not only the applied work, but
l> also the development of the analytical techniques used, has been directed towards this area.

However, the same general analytical problems are faced in the solution of e.g. industrial
, problems by microbeam analysis. The fields of application are of course numerous and very
i wide and a survey is definitely beyond the scope of this introduction.
| An overview of most of the microanalytical techniques using a beam of radiation will
I be presented in the following and will include a few characteristic features of each technique.
I The instrument used for this thesis, the nuclear microprobe, will then be briefly described,

together with an outline of how quantitative microanalysis of biomedical material is normally
performed in Lund with this instrument.



Beam techniques

Some of the most important features for the analyst to consider when choosing a
specific technique are given below. The values are, however, general estimations and thus
deviations from these values for a specific element in a specific matrix may be expected. One
should also be aware of the fact that some of the features of a specific technique cannot be
combined, for instance, the lowest detection limits may be difficult to achieve with the
highest spatial resolution.

Ion beams

Particle induced X-ray emission (PtXE) is a technique in which a beam of charged
particles, usually protons with an energy of a few MeV, ionizes the target atoms, and the
characteristic X-rays, emitted in the deexcitation, are detected. It is a sensitive technique,
being capable of detecting amounts down to IO-15 g and has detection limits of the order of
1-10 ppm for the detectable elements, which are normally those from sodium (Z=ll) and
heavier. The lateral resolution obtainable is about 1 or a few um One of the main advantages
of this technique is the possibilities it offers for the quantitative microanalysis of trace
elements. The quantification procedure will be discussed below.

Rutherford backscattering (RBS) normally uses helium ions of some MeV as incident
radiation and those elastically scattered against the atomic nuclei in the target, due to the
Coulomb repulsion, are detected. The energy of the ion after scattering depends on the mass
of the nucleus, thus providing isotopic information for very thin films. All elements with Z>2
are detectable (for hydrogen and helium, forward scattering angles have to be chosen) and the
detection limits range from approximately 10 ppm to 1 %. They are, however, very much
dependent on the matrix composition and on whether the element of interest is present in the
bulk of the sample or as a surface contamination In order to have high mass selectivity, the
ions scattered at extreme backward angles are those normally chosen for detection. The lateral
resolution achievable is the same as for the case of PIXE but a depth resolution of some tens
of nm can be obtained, allowing depth profiling. The technique is highly quantitative.

Nuclear reaction analysis (NRA) is a technique in which an incident, light ion
penetrates the Coulomb barrier, leading to the prompt emission of detectable reaction
products, either in the form of a charged particle or a y-ray or both. The probability for these
reactions is highly dependent on the energy of the ion, thus leading to resonances in the cross-
section which allow depth profiling with a depth resolution of the order of tens of nm,
depending on the width of the resonance. The technique is used for low Z elements (Z<16),
especially on high Z substrates, and is a single element technique. The sensitivity depends on
the differential cross section of the reaction in question.

In secondary ion mass spectrometrv (SIMS) the target is irradiated with a beam of
heavy ions, e.g. argon, at an energy of a few keV to some tens of keV. This beam causes
sputter erosion of the target, and the positive or negative atomic or molecular ions sputtered
from the upper atomic layers are extracted and mass analysed. All elements can be detected
and detection limits down to lO-3 ppm can be reached, though the technique has more of
qualitative nature since matrix effects severely limit the accuracy of a concentration
determination. About 0.2-1 ujn in lateral resolution can be attained and depth profiling with a
resolution of 1 nm can be carried out since the target atoms are removed layer by layer.



Electron beams

Electron probe X-ray microanalysis (EPXMA) uses the same fundamental principles as
PIXE apart from the fact that it uses electrons at an energy of 10-30 keV as the incident
radiation. The detection limits for this technique are approximately two orders of magnitude
higher than for PIXE, i.e. 100-1000 ppm, which is due to the bremsstrahlung from the
primary electrons, and it is quantitative. This technique is normally performed in a scanning
electron microscope and has therefore the advantage of being combined with the possibility of
high resolution visualization of the target and, furthermore, the accessibility of these
instruments is high. The spatial resolution of the technique is limited by the spreading of the
beam within the target and is thus dependent on the target thickness, but typical values are
0.2-1 um.

Auger electron spectromepy (AES) is also performed in a scanning electron microscope
but under ultra high vacuum conditions and the Auger electrons emitted, when the ionized
atoms are deexcited, are detected. It is a surface technique with an analysis depth of
approximately 1-10 nm, which is determined by the possibility of the low-energy Auger
electrons to escape from the target. All elements with Z>2 are detectable and the detection
limits is about 0.1 % or 1018 g, expressed as the absolute sensitivity. The technique has the
possibility of providing depth profiling of high resolution by performing the analysis and ion
etching alternately, but the quantitative accuracy of the technique is rather poor since, for
instance, surface topography will affect the results. The lateral resolution is about 0.1-1 |xm.

Electron energy loss spectrometry (EELS) is a technique performed in a transmission
electron microscope and the high energy electrons (100-200 keV) transmitted through the thin
target are detected in an energy spectrometer. On its way through the target the electron has
lost a small part of its energy, which is specific for the atom with which it interacted and thus
the energy spectrum obtained contains information concerning the elements present. A draw-
back of this technique is that the target has to be very thin in order to avoid multiple interac-
tions. The spatial resolution of the technique is high due to the thin samples and is in the order
10-50 nm. The absolute sensitivity and the detection limits are about the same as for AES.

Photon beams

Synchrotron radiation induced X-ray emission (SRIXE) uses an intense beam of X-ray
radiation from an electron storage ring. This beam is focussed and/or collimated onto a target
where it ionizes the atoms, and the characteristic X-rays emitted are detected. The energy of
the incident X-rays can be tuned to optimize the detection limits, typical values of which are
as low as 0.1 ppm, for a specific element. The lateral resolution is of the order of 10 nm and a

•-;' drawback of the technique is the low accessibility of the storage rings needed. However,
' microanalysis of elements has been performed with the use of a capillary technique and a

'. conventional X-ray source.
Laser microprobe mass analysis (LAMMA) is .like SIMS, a destructive technique i.e.

^ the same target spot cannot be analysed twice. With a short pulse of high-power laser
' radiation, typically a Nd-YAG laser with X=265 nm, the irradiated matter is converted into a
> plasma from which the singly-charged positive and negative ions and molecules are extracted,
•' and their masses are determined in a time-of-flight spectrometer. The technique is very
* sensitive, with detection limits of 0.1-10 ppm and all elements are detectable. It suffers
/ though from the same kind of quantitative problems as SIMS, although not so severe. The
f lateral resolution is dependent on the focusing of the laser light and is 0.S-1 \un, and the depth =*•
| resolution is about the same.



The nuclear microprobe

Instrumentation

The nuclear microprobe as a microanalytical instrument was first described at the
beginning of the seventies and today about 40 instruments are in operation around the world.
The instrumentation consists of several parts, see figure, of which the first is the particle
accelerator, normally an electrostatic accelerator with a maximum terminal high voltage of a
few megavolts. This accelerator delivers a beam, for instance of protons, with a size of a few
mm*. The beam is directed towards a set of collimators by a switching magnet. The first
collimator defines the object for the lens system and has a typical size of some tens of Jim in
both directions. The second collimator restricts the divergence of the beam entering the lens
system.

The lens system, which is situated behind the set of collimators at a distance of a few
meters, normally consists of two, three or four magnetic quadrupole lenses in a configuration
which creates a demagnified image of the object on the target with a typical demagnification
of 5-70 times. With these focusing systems beam spots of typically a few (irn down to 1 Jim
(even submicrometer beams have been reported) are produced. A device for scanning the
beam over an area of the target is situated either in front of or behind the lens system.

The target is located in the experimental chamber at the end of the beam line where
also the different detector systems are positioned. An optical microscope is used for viewing
the specimen and sometimes the secondary electrons emitted from the target are detected for
topographical imaging purposes. The quality of these images is, however, not as high as those

Switching magnet

Set of collimators

Particle accelerator

% Lens system
K Scanning system

| Experimental chamber

Fig. Schematic drawing of a nuclear microprobe.
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produced in a scanning electron microscope. The analysis is performed in high vacuum but
optionally the beam could be brought out into the air through a thin window and the analysis
performed under atmospheric conditions, although with a degraded lateral resolution. A
Faraday cup, which monitors the current of particles transmitted through the target, is
sometimes placed behind the experimental chamber.

The information from the different detector systems when perfom.'ng a single-spot
analysis is directly stored as energy spectra and, when running the nuclear microprobe in the
scanning mode, the information is stored event-by-event where each event, apart from energy
information, contains spatial information. The event-by-event data are then sorted either as
energy spectra per pixel (picture element) or as intensity maps of the elements of interest.

Analytical techniques

The most common analytical technique used in conjunction with the nuclear
microprobe is the PIXE technique, with its possibility of making quantitative analyses of trace
elements. This technique is, in the case of thin biomedical specimens, often combined with
RBS, allowing a simultaneous determination of the low Z matrix elements. PIXE is
sometimes also combined with NRA in the analysis of, for instance, thick geological material
to yield information on specific, low Z elements.

Quantitative microanalysis of biomedical material

Sample preparation

The first step in the quantitative procedure is to prepare the sample in such a way that
the distributions of the elements in the living material are preserved and in a form suitable for
the requirements of the analysis. The method normally employed for preparing soft tissue is
cryofixation. The principal idea of this method is to freeze the tissue very rapidly, thus
keeping the elements in their original positions.

The freezing of the tissue of interest should be done either in situ or as soon as possible
after removal from the living matter. Liquid nitrogen (-1960C) is often used for the freezing,
but to achieve even higher freezing rates another cooling medium, for example, isopentane
cooled in liquid nitrogen could be used, since freezing directly in liquid nitrogen produces
initially an insulating coating of nitrogen gas due to boiling. The freezing rate should be high
and the temperature low in order to prevent the formation of large ice crystals. Ice crystals
will, however, inevitably be formed in the subsequent step of cryosectioning, since this is
often done at temperatures around -30°C, but the effect should be minimized. The
cryosectioning is performed in a cryomicrotome and tissue sections of the order of 5-20 |im
are cut.

The last step of the specimen preparation procedure is to freeze-dry the sections to
remove the water by sublimation, which is done by keeping the sections at a low temperature
in an evacuated chamber. The freeze-drying can lead to a shrinkage of the tissue but
compared to keeping the sections in a frozen, hydrated state for analysis, it has a lot of
advantages.

11



Sample irradiation and data acquisition

The second part of the quantitative analysis is the actual irradiation of the freeze-dried
sections in the experimental chamber. Three signals are normally recorded: the characteristic
X-rays (PIXE) are detected with an energy-dispersive, silicon(lithium) detector, the elastically
backscattered protons (RBS) are detected with a surface barrier detector and the proton
current is integrated in order to determine the accumulated charge i.e. the number of incident
protons during the analysis which is used for normalization in the subsequent evaluation. The
backscattered protons are used for the determination of the amount of matrix elements, called
the areal mass density (mass/area), which is necessary for the determination of the dry weight
concentration. This areal mass density has to be determined for each irradiated spot since
variation in the thickness of the section and in the density of the tissue can occur.

Due to the very intense proton beam, radiation damage will be induced in the target and
this can lead to alterations of the amounts of the elements in the analysed volume. The loss of
matrix elements is a common effect especially when freeze-dried sections are irradiated, and
the stability of the target has to be monitored.

Data evaluation

The last part of the quantification is the evaluation of the energy spectrum of the
collected X-rays. A peak-fitting program is used to determine the number of counts in the
different characteristic peaks by subtracting the background, resolving interferences etc. To
be able to calculate the amounts of the elements (mass/area) from the peak areas obtained, the
probability for the production of the characteristic X-rays and the efficiency of the detector
system have to be known.

The X-ray production cross section is the product of the ionization cross section and the
probability that the deexcitation leads to an X-ray quantum of the specific energy.
Experimental data fits, which are supported by theoretical considerations, are available in the
literature for these quantities and are used in the evaluation.

The efficiency of the detector system contains parameters such as the solid angle
covered by the detector, the X-ray transmission through various windows, air gaps, etc,
between the target and the sensitive volume of the detector and the efficiency vi iiie detector
crystal in collecting the full energy of the incident X-ray quanta. In principle, PIXE is an
absolute technique i.e. all these parameters are measurable, but often a calibration using
standards is employed in order to make an accurate adjustment of the detection efficiency. If
the tissue sections cannot be regarded as thin, corrections for changes in the ionization cross
section due to proton stopping and for changes in the X-ray transmission due to the absorption
in the target also have to be made.

When performing elemental mapping i.e. irradiating, say, 32x32 pixels, quantification is
difficult with today's time-consuming, interactive, spectrum fitting routines. A fast and robust
program developed for this purpose and containing accurate descriptions of the various
contributions to the spectra would extend the applicability of the nuclear microprobe further
and would also make good use of the intrinsic capabilities of the PIXE technique.

l! 12



SUMMARY OF THE PAPERS

The possibility of making quantitative analyses is based upon having a well-calibrated
setup. In paper I and II a calibration of the two different detection systems, in the
experimental setup, are described.

Paper I: Calibration of a proton microprobe setup.

To calibrate the X-ray detection system, standards are required, which are homogeneous
at the spatial resolution normally used for analysis. Commercially available, thin, evaporated
standards were obtained and irradiated with different spot sizes at different positions and were
found to be homogeneous with a spatial resolution of 10x20 mm2. The amounts of the
elements determined were compared to values obtained in the routine setup, and the relative
deviations were minimized by adjusting the correction of the physical parameters made in the
evaluation.

Paper II: Determination of local areal densities of heterogeneous biological samples by
elastically backscattered protons in FIXE microanalysis.

The inhomogeneity of biological samples makes a determination of the areal mass
density of each irradiated microspot necessary in order to make an accurate mass
normalization. This can be achieved by the detection of the protons elastically backscattered
from the sample. The proton detection system was calibrated using pre-weighed plastic foils.
Foils of different compositions were used for improving the accuracy of the areal mass
density determination. A correction for changes in the scattering cross section for >2C, HN and
i6O due to proton stopping is also suggested. By analysing gelatin standards the accuracy of
the quantitative procedure was checked and the uncertainty was estimated to be 8 %.

The applicability of the nuclear microprobe to the microanalysis of biological material
is shown in paper III, IV and V where changes in the elements in brain tissue from rats
subjected to different pathological conditions are examined. The studies were made in
collaboration with the Laboratory for Experimental Brain Research, Lund University
Hospital.

Paper III: Investigation of ischaemic rat brains using a proton microprobe.

In a preliminary study different parts of the hipp xampus from rats subjected to cerebral
ischaemia were analysed. Calcium and iron concentrations in the hippocampus of rats allowed

13



postischaemic recovery periods of 4 and 7 days were compared with control values. An
increase in calcium levels was observed in both cellular and dendritic layers. During this
study a sample preparation procedure, suitable for the requirements of the analysis, was tried
out.

Paper IV: A proton microprobe study of die hippocampus from rats subjected to cerebral
ischaemia.

The study of paper III was extended by analysing several rats with postischaemic
recovery periods of 1, 2, 3 and 4 days. A significant increase in calcium levels as well as a
decrease of potassium levels was observed for the groups allowed 3 and 4 days of
recirculanon. A comparison of the increase in calcium concentration with the extent of
neuronal damage showed that increased levels were found in some animals without any
visible sign of cell necrosis, indicating that membrane dysfunction could be an early event in
the course of cell damage.

Paper V: Accumulation of calcium in substantia nigra lesions induced by status epilepticus. A
microprobe analysis.

Epileptic seizures are known to cause lesions in some parts of the brain. Element
concentrations in those parts and in parts showing no or sparse neuronal necrosis were
measured and compared with control values. Calcium accumulations were seen in the parts
affected by the epileptic seizures and were also correlated to a decrease in potassium levels. It
was concluded that this accumulation occurs coincidentally with epileptic cell death.

In the course of this work with the nuclear microprobe, two problems concerning the
quantitative aspects of the analyses were identified: Firstly, the mass loss, which is due to the
radiation damage caused by the intense, irradiating beam, and which directly affects the
accuracy of the results. Secondly, when large quantities of data are produced, as in the case
of the experiments in paper V, or when elemental mapping is undertaken, the evaluations are
very time-consuming. Simple and fast algorithms are thus greatly needed. To be able to
develop such a program for data evaluation, which would not decrease the accuracy,

% different contributions to the X-ray energy spectra, such as secondary electron
j bremsstrahlung, have to be studied experimentally. For the accurate determination of the
i production of bremsstrahlung, the concentrations of the elements in the sample matrix have to
| be measured, and these would also facilitate the identification of the structures in the
-. analysed sample displayed in the maps of the elements.

Paper VI: Mass loss during X-ray microanalysis.

| Irradiating a sample with intense beams in order to create characteristic X-rays will lead
\ to radiation damage. This radiation damage in the sample will sometimes give rise to the loss

of matrix elements. These losses were studied during proton and photon irradiation of plastic
films and tissue samples. The hydrogen loss from a polyester film during proton irradiation
showed no dependence on the thickness of the film and showed an increased loss rate when

14



the temperature of the irradiated volume was increased by changing the spot size and proton
current. Comparable losses from skin sections and polyester films, irradiated with photons
and protons, occured after an absorbed dose from the protons which was approximately two
orders of magnitude higher than that of the photons.

Paper VII: Experimental cross-section for bremsstrahlung production by the impact of MeV
protons on low-Z targets.

The production of continuum X-rays during PIXE analysis has been theoretically
described but the models have not yet reached a quantitative leve!. By investigating the
continuum produced by protons of energies ranging from 1.9 to 3.0 MeV, the proton energy
dependence of bremsstrahlung production for X-ray energies between 1.7 and 6.5 keV has
been established to be linear or exponential functions, depending on the electron binding
energy. Absolute cross-sections for bremsstrahlung production by 2.55 MeV protons were
also determined and an approximate quadratic dependence on the atomic number of the target
was found in the lower part of the X-ray energy interval studied.

Paper VIII: Quantitative microanalysis of matrix elements in biological samples by MeV
proton scattering.

A fast and robust way of evaluating proton scattering spectra for the determination of
the amounts of the matrix elements in an organic sample was developed. The algorithm used
was capable of handling samples of thicknesses up to 2 mg/cm2 and showed acceptable
deviations for bad statistics in the scattering spectra. A quantitative elemental map, consisting
of 17x22 pixels, of I2C in a tip of a rootlet was produced with an evaluation time of
approximately 0.4 s per pixel.
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