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ABSTRACT

Using the 'tracer' technique, the distribution with depth of 
generated X-rays, the ^(pz) curve, has been measured for carbon, 
aluminium and gold over a range (5-29 kV) of probe voltages. The 
measurements were carried out at three specimen tilt angles (x = 90°,
50°, and 40°, where x is the angle between the incident electron beam 
and the specimen surface).

0(pz) profiles have also been calculated for the same experimental 
conditions using the simplified Monte Carlo method of Love et al.
(1977). Comparison with the tracer data showed that the Monte Carlo 
method predicted a reasonable shape to the jz5(pz) curve, but it gave too 
high a peak, discrepancies becoming worse at lower overvoltages.

A new absorption correction for quantitative electron-probe micro
analysis has been developed, based upon the representation of the 0(pz) 
profile by a quadrilateral shape. This simple shape can be characterised 
by three parameters, the position and relative height of the peak and 
the mean depth of X-ray generation. Analytical expressions for the para
meters as a function of overvoltage ratio, atomic number and backscatter 
coefficient have been derived using the experimental $z$(pz) data.

The performance of the Quadrilateral model absorption correction has 
been tested using a collation of microanalysis data obtained from samples 
of known composition. The findings have been compared with those given 
by some other correction methods and the Quadrilateral model shown to give 
better results for both heavy and light element analysis.

Finally, specimen tilt factors have been developed for the new cor
rection, so that it can deal with specimens inclined to the incident electron 
beam direction.
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CHAPTER 1

The Principle of Electron-Probe Microanalysis

In electron-probe microanalysis (EPMA) a finely focused electron 
beam is used to generate X-rays in a small volume (typically 1 jim̂  ) of 
a specimen. By measuring the wavelength of characteristic X-rays 
emitted from the specimen, the elements present may be identified and, 
by comparing the intensity of X-ray lines in the specimen with those 
emitted from standards of known composition, a quantitative measure of 
elemental weight concentration is obtained.

The electron-probe microanalyser is used for research, for develop
ment and for quality control in such diverse scientific areas as metal
lurgy, mineralogy, physics, electronics, zoology, pathology, criminology, 
and biochemistry. Metallurgy is a field in which EPMA has had a great 
impact. Examples of its use here involve diffusion studies, surface 
reactions such as oxidation and carburisation, phase diagram determination 
and the analysis of inclusions and precipitates (Ranzetta and Scott, 1969; 
Goldstein et aZ., 1981; Scott and Love, 1983; Reed, 1975).

1.1 X-Ray emission spectra

When a high energy (say tens of keV) electron strikes a specimen, it 
suffers scattering, both by elastic and inelastic collisions with the target 
atoms. As a consequence, it experiences changes in direction and a loss 
of energy. Part of the energy lost is used in ionising the atoms; some 
of these ionisations result in the generation of X-rays, whilst changes in 
direction may cause the electron to be back-scattered out of the target.
The details of the processes leading to X-ray generation are discussed in 
the following sections.
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1.1,1 Characteristic X-ray spectrum.-When an incident electron inter
acts with one of the core electrons of an atom, the two identicalKjcharged 
particles repel one another and some of the energy of the incident electron 
is transferred to the orbital electron. The incident electron is de
flected from its original path and the orbital electron may have enough 
energy’- to be ejected from the atom leaving the atom ionised with a vacant 
electron site in one of its shells. The incident electron is able to 
cause this ionisation only if its energy is greater than the binding energy 
(or critical excitation energy, E^) of the orbital electron concerned. 
Figure 1.1 represents the electron energy levels for zinc, and illustrates 
the excitation of electrons from the K, L and M shells to the valence band.

The ionised atom is in an 'excited' high energy state and for it to 
regain equilibrium, the vacancy must be filled by another electron from 
an outer shell of the atom. In the process, energy is given out which is 
equal to the difference in energy between the two states of the atom and, 
since this is specific to the atom concerned, it can be used to identify 
elements in the specimen. Only some transitions betweenavailable energy 
levels are permitted and those which are allowed are given by quantum 
theory. Some of the more common X-ray emission lines with their desig
nation are shown in Figure 1.1.

Not all inner shell ionisations result in the emission of an X-ray.
The energy available when the initial vacancy is filled by an electron may 
be used to eject another electron, termed an Auger electron. The probab
ility of an X-ray being emitted, rather than an Auger electron, is called 
the fluorescence yield.

In addition to direct excitation by electrons, there is another mech
anism of characteristic X-ray production. X-Rays will themselves be ab
sorbed and the photoelectric absorption process will result in further X- 
ray emission. This effect is known as fluorescence and can be caused by 
characteristic and continuum X-rays. Fluorescence is largest when the 
X-ray energy is just above the critical excitation energy of an electron 
shell, for example, when a K X-ray from one element excites an electron 
from the K shell of another element slightly lower in atomic number.
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%-Rays generated as a result of transitions between inner orbitals 
of an atom have discrete energies and sharp emission lines. However, 
low energy %-rays may be produced by transitions involving valence 
electrons. These electrons involved in bond formation are not unique 
to a particular atom and may leave one atom in favour of another. This 
leads to a decrease in X-ray intensity from those atoms which lose elec
trons and the transitions which occur between the inner levels and the 
valence band will be sensitive to the energy states of the valence elec
trons (Baun, 1969; Fabian et al., 1971). So for light elements (Z < 10), 
where the L shell is incomplete, chemical bonding will affect the K,a 
emission band. It also follows that the L emission band will be affected 
in transition-metal elements (21 < Z 28) where the M shell is incomplete. 
Analysis of these spectral bands can provide important information on the 
properties and structure of materials [for example, information has been 
obtained on electrical conductivity (Baun and Fischer, 1965) and bond 
strengths (Holliday, 1967)], but it may frequently cause difficulties in 
quantitative microanalysis.

1.1.2 X-Ray continuum.-Continuum X-radiation is produced when incident 
electrons are decelerated in the vicinity of the nuclear field of an atom. 
These photons have a range of energies from zero to the incident electron 
energy (Eq).

Kramers (1923) used the Thomson-Whiddington law (Whiddington, 1912) 
for electron energy loss to determine the intensity of continuum X-rays 
generated in a solid target. His result may be expressed as:

N(E)dE = b.Z(Eo_E)dE

wfiere N(E)dE is the number of photons generated per second with energy in 
the range dE at E; Z is the atomic number of the specimen; and b is a 
constant v2 x 10“  ̂ photons s“  ̂ eV~^ electron” .̂

The continuum constitutes a background on which the characteristic 
X-rays are superimposed and strongly influences the precision of an EPMA 
measurement, since this is dependent on the ratio of the characteristic 
line intensity to the background upon which it lies.
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A typical emission spectrum (continuum and characteristic lines) for 
a molybdenum target at 30 keV is illustrated in Figure 1.2.

1. 2 The electron-probe microanalyser

1.2.1 Development of the basic instrument.-Electron-probe microanalysis, 
as we know it to-day, can be traced back to a prototype instrument devel
oped by Castaing (Castaing and Guinier, 1949, 1950). This was a combina
tion of a static transmission electron microscope having a beam diameter 
of vl gm, and a Geiger counter to detect X-rays. In 1950, the fitting 
of a Johansson (1932, 1933) focusing spectrometer incorporating a quartz 
crystal and Geiger counter enabled the possibility of quantitative analysis 
to be investigated and in 1951 Castaing set out the fundamental principles 
of quantitative analysis (see Section 1.3).

In 1956 Cosslett and Duncumb developed a system to scan the electron 
beam across the specimen. Signals from emitted electrons or X-rays were 
used to modulate the brightness of a cathode ray tube scanned in synchronism 
with the electron beam. This gave an image of the specimen surface (see 
Figure 1.3a) or a map of the distribution of a particular element in the 
specimen (Figure 1.3b). This type of imaging proved very useful in 
allowing accurate positioning of the probe for analysis of selected features.

A schematic diagram of an electron-probe microanalyser is shown in 
Figure 1.4. The source of electrons is usually a heated tungsten filament.
A potential (typically 5-30 kV) applied between filament and anode is used 
to accelerate the electrons through an aperture and down the evacuated column 
The beam is focused into a fine probe by means of electromagnetic lenses.
The probe current on the specimen is typically in the range 1-100 nA.

X-Rays generated in the specimen pass through an aperture and are 
detected and analysed by an X-ray spectrometer. There are two systems 
available for X-ray detection: wavelength dispersive spectrometers (WDS)
and energy dispersive spectrometers (EDS). These will be described in 
Sections 1.2.2 and 1.2.3. EDS will not be discussed in as much detail 
as WDS, since they have not been used in this work.
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1.2.2 Wavelength-dispersive X-ray spectrometry.-This usually consists of 
an analysing crystal and an %-ray detector, as shown in Figure 1.4. The 
crystal is used to diffract the X-rays, thereby separating them according 
to their wavelength. If the lattice spacing of the crystal is d, the 
only X-rays to be strongly reflected will be those of wavelength X, given 
by Braggs law:

nA = 2dsin6

where 0 is the Bragg angle and n is an integer, the "order" of the dif
fraction. In practical analysis, the first order diffraction, where
n = 1, is used as this is the most intense.

Ideally the X-ray source, crystal and X-ray detector should lie on 
the circumference of a circle (known as the "Rowland circle") radius R, 
with the crystal bent to radius 2R and its surface ground to radius R,
so the surface lies exactly on the circle. Such conditions are termed
Johansson focusing (Johansson, 1932) and are illustrated in Figure 1.5.
All X-rays of wavelength A coming from the source (S) will converge at 
the detector (D) after reflection at the Bragg angle.

In commercial instruments, Johann focusing (Johann, 1931) is usually 
employed. In this case, the analysing crystals are curved, but not ground, 
so that only those X-rays arriving at the crystal centre (C) are exactly 
at the Bragg angle. Consequently, the wavelength resolution is somewhat 
inferior to the Johansson method. Reducing the area of the crystal used, 
by placing apertures between it and the source, does, however, improve the 
resolution at the expense of X-ray intensity.

By rotating both crystal and counter through a range of 9, the wave
length of detected X-rays may be varied, whilst keeping the X-ray take-off 
angle constant. This is termed linear focusing- (Sandstrom, 1952). Most 
crystal spectrometers can only function satisfactorily for 12° < 0 < 50°, 
due to physical restrictions, so crystals with different "d" spacings are 
interchanged within the spectrometer to cover a wider range of wavelengths. 
Crystals may be cut from naturally occuring materials, for example, quartz 
and mica, but it is more usual to use laboratory-made crystals such as PET 
(pentaerythritoL) and TAP (thallium acid phthalate). Synthetic fatty acid
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crystals which have large "d" spacings, for example, lead stearate de- 
canoate, LSD (d ^50 A) , enable the detection of light elements down to 
the boron K line at 67.5 A. Analysing crystals have been the subject 
of many papers, which have been reviewed by, for example, Blokhin (1965) 
and Beaman and Isasi (1972).

Diffraction gratings may be used instead of crystals. Line spacings 
would be generally rather broad for X-ray work, but the grating may be 
used at low angles of incidence to foreshorten its effective spacing, 
Various types, such as "phase" and "blaze" gratings have been developed 
(Nicholson and Hasler, 1966; Sayce and Franks, 1964; Franks, 1972).
The wavelength resolution of diffraction gratings is usually better than 
that of crystal spectrometers, and so these are useful for studying the 
effects of chemical bonding on light element peak shapes (Holliday, 1966; 
Kozlenkov et aZ. , 1981). However, they have not been widely used in
microanalysis, because they require more stringent positional accuracy 
than crystals and need a special spectrometer arrangement.

The detector which is most commonly used is a gas-filled proportional 
counter (Parrish and Kohler, 1956), The X-rays enter this and ionise 
the gas atoms, creating a number of ion-pairs proportional to the X-ray's 
energy. The free electrons are accelerated towards the anode, causing 
further ionisations (the "avalanchd'effect) . This improves the signal- 
to-noise ratio of the output, which remains proportional to the incident 
X-ray energy. The signal is amplified in two stages, by a pre-amplifier 
and a main amplifier. The main amplifier also has pulse-shaping cir
cuitry to shorten the pulse to a width of a few microseconds and reduce 
noise levels. This leads to an increase in the signa 1-to-noise ratio 
and a reduction in the degree of pulse overlap occur ing at high count 
rates. The dead time of the circuit is usually ^1 |is, sufficiently short 
to allow count rates of 10,000 per second to be recorded without serious 
dead time effects being created. A pulse height analyser converts the 
pulses into a suitable form for activating the counting circuits (rate 
meter and digital counter) and rejects unwanted pulses produced by stray 
electrons. X-rays and cosmic rays entering the counting chamber.
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The energy resolution of crystal spectrometers depends on the crystal, 
not the detector, and it is usually very good. It can be defined in 
terms of the full width of the peak at half its height above the back
ground (FWHM) . Typically, this is ^0.01 keV for a 1 keV line, which 
allows easy separation of neighbouring major characteristic lines. The 
peak-to-background ratio can be up to 1000:1; since detection sensitivity 
is a function of this ratio, crystal spectrometers may give a minimum 
detectable limit of ^dO-100 p.p.m.

1.2.3 Energy-dispersive X-ray spectrometry.-Usually solid state X-ray 
detectors are used, which consist of a lithium-drifted (Li-Si) crystal 
which can be placed much closer to the specimen than in WDS, thus im
proving X-ray efficiency. Each incoming X-ray is absorbed by the photo
electric effect, producing photo- and Auger- electrons. These lose 
energy by processes which include exciting electrons into the conduction 
band of the silicon, leaving an identical number of positively charged 
holes in the outer shells. A bias voltage is applied across the semi
conductor so that a current flows as each X-ray is absorbed and the mag
nitude of the current is proportional to the energy of the incident X- 
ray photon. These pulses are amplified and then passed to a multichannel 
pulse height analyser, which sorts them according to energy and displays 
the spectrum as a histogram of counts per energy interval (channel) versus 
energy. The details of multichannel pulse height analysers have been 
described many times in the literature (see, for example, Reed, 1975; 
Goldstein et at., 1981).

ED systems may be used for quantitative analysis of elements down to 
carbon in atomic number, but these cannot be considered to be routine 
measurements (Bloomfield, 1983). Energy resolution of ED systems depends 
on the X-ray detector and, in general, it is rather poorer than that of 
crystal spectrometers. The FWHM of the manganese Ka line at 5.89 keV 
is typically about 150 eV in modern systems. Peak-to-background ratios 
tend to be an order of magnitude less than with WDS, hence the minimum 
detectable limit is inferior to that given by crystal spectrometers. The 
dead time is about 100 ps per pulse, but most ED systems compensate for 
dead time by incorporating a "live time" clock which records actual analysis 
time exclusive of dead time.
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1.2.4 Minimising specimen contamination.-The vacuum in most microanalyers 
is achieved by an oil diffusion pump backed by an oil-filled rotary pump. 
Hydrocarbons, originating mainly from the diffusion pump oil, may be 
polymerised at or close to the point of impact of the electron beam on the 
target, causing a build up of carbonaceous material. When the electron 
beam is stationary, this contamination can cause a decrease in X-ray in
tensity with time, because some of the energy of the electrons is dissipated 
in the deposit, leaving less available for X-ray generation. Furthermore, 
the contamination will absorb some of the generated X-rays. This is a 
particular problem in the analysis of light elements, for example oxygen, 
since oxygen Ka radiation is strongly absorbed by carbon. If, however, 
carbon is analysed, the build up of contamination will increase the X-ray 
intensity with time.

The problem of carbon contamination has been recognised for many years 
(Stewart, 1934) and investigations into the nature of the contamination 
(using electron diffraction) have shown that it is amorphous (Hillier, 1948). 
The profile of the contamination build up is dependent on the electron ir
radiation conditions, in particular spot size (shown schematically in 
Figure 1.6) and current density (Conru and Laberge, 1975). Recent review 
papers on the subject of specimen contamination include those by Hren (1979) 
and Love et aZ. , (1981).

The amount of contamination may be minimised by water or liquid nitrogen 
cooled baffles above the diffusion pump to reduce the backstreaming of hydro
carbon vapours. Also a "cold finger" cooled by liquid nitrogen may be 
placed close to the specimen (Ennos, 1953; Ranzetta and Scott, 1966). 
Hydrocarbons condense preferentially on this, which reduces their partial 
pressure near the specimen. Another method is to have a jet of inert gas 
aimed at the point of impact of the electron beam to reduce the partial 
pressure of hydrocarbons (Theisen, 1965; Moll and Bruno, 1967).

1 . 3 Quantitative electron-probe microanalysis

1.3.1 The origin of the correction factors.-Castaing (1951) proposed that to 
a first approximation:

= C. (1.1)
T A^std
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where Igpc ^nd Istd are the intensity of characteristic %-ray emission 
from specimen and pure standard; (both measurements being recorded under 
identical analysis conditions) and is the mass concentration of the 
analysed element A, in the specimen. This expression is inexact for a 
number of reasons, which are described below, and therefore correction
factors need to be included in equation (1.1) to obtain a more accurate
value for C^.

(a) Electron scattering behaviour is different in specimen and 
standard and gives rise to what is termed the atomic number 
effect. The ratio of elastic to inelastic scattering is 
found to increase with mean atomic number (MuIvey, 1968).
Also, more electrons are back-scattered out of samples of 
higher atomic number (Bishop, 1966a, 1966b) and hence are 
not available to generate X-rays. Consequently, when a
light element is analysed in a heavy matrix, there is a
reduction in X-ray emission due to this effect compared 
with the pure standard. However, the effect of back- 
scattering is somewhat cancelled by those electrons remaining 
in the target. These are more effective at producing X- 
rays in high atomic number materials than in low ones. This 
is because their rate of energy loss is lower and thus they 
travel further at a given energy. In the early days of 
quantitative microanalysis, it was thought that the two 
effects might exactly cancel (Birks, 1963), but this was 
shown not to be the case by studies of samples containing 
elements widely different in atomic number (Scott and 
Ranzetta, 1961-62).

(b) In addition to direct excitation by electrons, characteristic 
X-rays may be generated either by characteristic %-rays from 
heavier elements present in the matrix (characteristic 
fluorescence), or by high energy components of the continuum 
background spectrum (continuum fluorescence). This fluorescence 
contribution to the X-ray yield may be different in specimen
and standard and needs to be taken into account in quantitative 
analysis.
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(c) The %-rays which are generated will be partially absorbed 
in the target material and, in general, absorption in the 
sample is much greater than in the standard. The degree 
of X-ray absorption is a function of the absorption pro
perties of the material and the distance within the material 
through which the X-rays travel. This distance will depend 
upon the depth at which a particular X-ray is produced, as 
illustrated in Figure 1,7. X-Rays generated within a small
element of mass IVMckrvcss Apz at a mass depth pz below the sur
face will have a path length px within the sample over which
they may be absorbed. px is given by the equation:

px - pz CO sec iij

where }p is the X-ray take off angle. X-Rays are generated 
over a range of depths, so a knowledge of this distribution 
is necessary in order to estimate absorption effects. The 
normalised distribution of X-ray generation with depth may 
be represented graphically by a çi(pz) curve, where s6(pz) 
is defined as the ratio of the number of directly excited 
characteristic X-rays generated in an infinitely thin layer 
A(pz) at a mass depth pz below the surface to the number
generated in an isolated layer of identical mass thickness
and composition. The normalisation enables a unique set of 
X-ray depth distributions to be constructed which are in
dependent of the efficiency of a particular X-ray spectrometer.

1.3.2 Depth distribution of generated X-rays.-Typical d(pz) curves are shown 
in Figure 1.8 and their shape may be explained qualitatively from a con
sideration of the interaction between the electron beam and a solid specimen.
The value of i6(pz) at the surface, f6(0), is greater than unity because back- 
scattered electrons from deeper in the specimen, as well as incident electrons, 
contribute to the X-ray emission from the surface region. The initial rise 
in the curve is caused by the electron path length through each elemental 
layer Apz increasing with mass depth, due to electron scattering, which in
creases the probability of X-ray excitation. An additional factor con
tributing to the rise, is the efficiency of inner shell ionisation, which
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increases as the incident electron energy drops to a value about twice 
the critical ionisation energy {i.e., when the overvoltage U, given by 
E/Eç,, is approximately equal to 2). This is illustrated in Figure 1.9, 
where the ionisation cross-section, Q, is plotted as a function of over
voltage. At greater depths, the %-ray generation begins to fall because 
the electron path length has reached a limiting value as complete dif
fusion is reached. Furthermore, there are fewer electrons reaching these 
depths and many of those will have energies less than 2E^, hence they will 
be either less effective, or incapable of producing inner shell ionisations.

A comparison of the ^(pz) data from gold and aluminium indicates that 
the greater probability of electron scattering in heavier elements results 
in a higher value of ^(o) and a smaller mass depth of the %-ray intensity 
maximum. The shape of the (zi(pz) curve is also affected by incident 
electron energy. At higher electron energies the electrons can penetrate 
to greater depths, since they retain a larger fraction of the initial 
energy after a given length of travel, which leads to the production of 
%-rays deeper in the sample.

It will be shown in Chapter 2 that if the X-ray depth distribution for 
a particular system is accurately known, both the atomic number and ab
sorption effects in quantitative microanalysis may be calculated. In view 
of the importance of <z5(pz) curves, there has been considerable effort 
directed at obtaining data both by experiment and from studies of the 
physical processes involved in X-ray generation by electrons.

(a) Experimental measurement of 0(pz) distributions.-The most direct method 
of determining 0(pz) data is the "tracer method" developed by Castaing and 
Descamps (1955). This involves measuring the X-ray intensity generated 
in a thin layer of one element A, embedded at various known depths in a 
matrix consisting of a different element, B, as shown in Figure 1.10. If 
the mass absorption coefficient of A in B is known, a correction for ab
sorption may be applied and the measurements compared with the X-ray in
tensity from an isolated film of the tracer of the same thickness under 
identical analysis conditions. For convenience, the "isolated" film 
is supported on a film of, say, plastic.
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The choice of tracer is limited by the following conditions:

(a) The tracer and matrix should be close in atomic number, in 
order to minimise differences in electron scattering properties.

(b) The characteristic emission of the tracer must not be sensitive 
to fluorescence excitation by a high intensity line emitted by 
the matrix.

(c) The %-rays emitted by the tracer should be absorbed very little 
by the matrix, so as to reduce the absorption correction in the 
target.

An example of a suitable tracer and matrix combination is a zinc 
tracer used to determine the distribution of X-rays in copper. The thick
ness of the tracer must be such as to give a measurable X-ray signal, but 
should not be so thick that it significantly alters scattering in the 
target. The depth of the tracer below the surface for each measurement 
is known from accurate determinations of the coating thickness as each 
layer is applied. Measurements of the X-ray intensity emitted from the 
tracer allow the distribution of generated X-rays (normalised to the in
tensity from the isolated tracer) to be determined as a function of mass 
depth.

Another way of determining #(pz) curves is to use the wedge technique,
developed by Schmitz et at., (1969). A wedge of element A is formed on
top of element B, as shown in Figure 1.11. The choice of element B is
governed by similar considerations as those limiting the choice of tracer
in the previous method. The depth distribution is derived from X-ray
intensity measurements from element A at points along the wedge. The
thickness of the wedge at each point is given by the distance along the
wedge and the accurately known wedge angle 0. The intensity of radiation

/'pzis proportional to / qxp(-K()z).d(gz))̂ which may be differentiated to obtain 
^(pz). The intensity measurements are normalised with reference to the 
intensity of X-ray emission from the region of element A where the thick
ness is greater than the depth of X-ray generation.

^(pz) distributions have been determined experimentally for various 
elements using these methods, but such measurements are difficult to carry 
out, except for a restricted range of experimental conditions and the 
results obtained by different authors are often inconsistent. A list of
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experimental 0(pz) data currently available is given in Scott and Love 
(1983).

(b) Theoretical determination of ^(pz) distributions (Monte Carlo method).- 
An alternative method of obtaining ?$(pz) data involves the development of a 
theoretical model which is based upon a step-by-step simulation of individual 
electron trajectories in the target. The history and development of such 
"Monte Carlo" methods for use in X-ray microanalysis has been described by 
Bishop (1976). It is generally assumed that the electron loses energy 
continuously, rather than in discrete amounts. At the end of each step 
the electron energy and position are computed and a randomising element 
determines the new direction of the electron. By employing the appropriate 
ionisation cross-section, the probability of producing characteristic X-rays 
in each step is determined.

Usually, to simplify matters, it is assumed that the inelastic inter
actions cause no deflection of the electron and elastic interactions result 
in zero energy loss. Monte Carlo methods vary in the way in which elastic 
scattering is treated. The most rigorous approach is the single scatter
ing model, which has been used by, for example, Murata et al, (1971, 1972). 
Here the mean free path of the electron between elastic collisions is cal
culated and the angle through which is it scattered at each elastic inter
action is established using an appropriate value for the elastic cross- 
section in conjunction with a random number generator. A suitable equation 
for calculating the cross-section is given in Scott and Love (1983). A 
less rigorous approach is the multiple scattering model, which essentially 
replaces the effects of a number of individual elastic scattering events 
that may befall an electron travelling a given distance in the target by a 
single scattering event. To do this the electron trajectory is divided 
into a number of steps and one elastic collision is assumed to occur at 
some arbitrary point within each step. Multiple scattering models have 
been developed and used by a number of authors, for example Green (1963a), 
Bishop (1966b), and Shimizu et al. (1966). More recently, a simplified 
multiple scattering model has been proposed by Curgenven and Duncumb (1971). 
They make the assumption that the multiple scattering which takes place 
during each step length can be represented by an equation designed to 
describe a single scattering event. To reduce errors introduced by this 
and other simplifications, a parameter which defines the minimum scattering



- 14 -

angle of the electron is empirically adjusted to obtain close agreement 
between calculated and measured back-scatter coefficients. Comparison 
with back-scatter coefficients is chosen because these data are known 
accurately for a wide range of experimental conditions (Bishop, 1966a, 
1966b; Heinrich, 1966b; Darlington, 1971; Drescher et al., 1970). The 
Curgenven and Duncumb model has been used and refined by other workers, 
including Love et al. (1977). This refined method has been used in the 
present investigation and will be described in greater detail in Chapter 4

Since the accuracy of Monte Carlo calculations is dependent upon the 
validity of the physics formulae used and the number of electron traject
ories considered, it is essential to compare the output data from Monte 
Carlo models with direct experimental measurements of (z5(pz) distributions.
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CHAPTER 2

The ZAP Correction Procedure

The total intensity of X-rays, Ig, generated in a specimen by 
electrons, may be obtained from the integral of the X-ray depth distribu
tion curve, sz5(pz):

/Ig = çz$(Apz) J ? 5 ( p z ) d p z ,

0

where szi(Apz) corresponds to the emission from an isolated thin film of 
thickness A p z .  X-Rays leaving the specimen are subject to absorption, 
so the emitted X-ray intensity, Ig, in the direction of the spectrometer 
can be calculated by making use of Beer's law:

I0 (Ap z) I (pz ). exp (-p/p cosec i|;. pz ) dpz (2.1)
'0

where p/p is the mass absorption coefficient and (cosec^.pz) is the path 
length within the specimen for X-rays generated at a depth pz and travel
ling in the direction of the spectrometer (see Figure 1.7). By sub
stituting X = p/pcosecijj, equation (2.1) may be rewritten:

Ig = (Ap z ) I çz$ (pz) . exp (-X . pz )dpz (2.2)

The ratio of the emitted X-ray intensities for A radiation from a 
specimen AB and a standard A is given by:

AB AB / ^^P%)a^exp(-Xpz)ABd(pz)
g^(Apz)2 Vo ^ A

I^ d^Apz)^^ j ^ ^
0 (pz)^exp(-Xpz)^d(pz)

( 2 . 3 )
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It may be shown, as follows, that

0(Apz) AB
A

0 ( A p z )
'A*

In an isolated thin film of sample AB of mass thickness Apz, the number 
of A atoms per unit area is (Nc^/A)Apz, where N is Avagadro's number.
The number of ionisations produced by a given flux of electrons will be 
proportional to Q(Nc^/A)Apz and the number of X-rays generated will be 
proportional to Qm (Nc^/A)dpz, where w is the fluorescence yield. There
fore the intensity ratio of X-rays from isolated thin films of AB and A 
of the same mass thickness is given by:

Qo) (Nc^/A) d p z  

Qo) (N/A) d p z
= cA*

Equation (2.3) may now be written:

AB

A ^A
I ,AB ,  ̂ AB^ ,pz)^ exp(-Xpz)^ dpz

A A
0 ( p z ) ^ e x p ( - X p z ) ^ d p z

( 2 . 4 )

The term in parentheses constitutes an atomic number and absorption 
correction, which may be calculated simultaneously if accurate 0(pz) data 
exist, (see Section 2.3.2). It is more usual, however, to consider the 
atomic number and absorption corrections individually, as in the ZAF 
approach. The two corrections may be separated by re-writing equation 
(2.1) in the form :

0  ( A p z ) I 0  ( p z ) . d p z
/ 0 ( p z ) . e x p ( - X p z ) . d p z

0 ( p z ) . d p z

( 2 . 5 )
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The term in parentheses corresponds to the fraction of generated X-rays, 
travelling at an angle to the specimen surface, which are emitted: 
this is therefore the absorption factor and it is denoted by /(X).

If the fractional contributions to the line of interest, from 
fluorescence by characteristic and continuum X-rays are represented by 
Y and 6, then the emitted intensity becomes

Ig = 0(Apz) / [ 0 (dz ) . dpz] ./(X) . (1+Y + Ô ) .

The ratio of the emitted X-ray intensities for A radiation from a specimen 
AB and a standard A is then given by:

0 (pz)^ dpz u + Y + 5 )^a

(2.6)

(pz)̂ Üpz f(X)A (1+Y+6)A

The integral terms correspond to the areas under the specimen and standard 
0{pz) curves; since this is related to the mean atomic number of a sample, 
the ratio is referred to as the atomic number correction factor, Z. The 
/(X) ratio is termed the absorption correction factor. A, and the ratio 
of the fluorescence terms may be represented by F. Hence equation (2,6) 
may be re-written:

—  = C ^ Z . A . F .

A

It should be noted that the Z,A and F correction factors depend on specimen 
composition which is unknown, so an iterative procedure is used to calculate 
the true composition from a series of successive approximations.

The three factors will now be discussed separately in the following 
sections.
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0 ( E ) ds  ,

2.1 Atomic number correction

The amount of characteristic X-radiation generated in a sample AB 
is given by the equation

AB ,pNf
A Jq

where: no is the number of electrons incident upon the specimen per
second;

(— ).c is the number of atoms per unit volume of the element being
^A ^ 1 ^analysed;

p is the transition probability, -i.e., the intensity of the X- 
ray emission of a characteristic line compared to the total 
emission intensity from a particular X-ray shell; 

s is the path length of the electron;
is the total distance over which the electron is capable
of producing the particular X-rays of interest; and 
is the backscatter factor, which accounts for the loss in 
X-ray generation due to electrons being backscattered out 
of the target.

This equation may be re-written to give:

r Ec

E q AB

so

^AB , N , \ b

where
(dE/dps dE , (2 . 8 )

and is the penetration or stopping power factor. The backscatter
factor, R, and the stopping power factor are usually considered separately
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2.1.1 Stopping power factor.-The formula for Q(E) which is most often 
used in microanalysis is the Bethe (1930) expression modified by Green 
and Cosslett (1961).

Q(E, = £2a|t. I B M  (2.9)

and the shape of this function is shown in Figure 1.9.

Formulae for the rate at which the electron loses energy, dE/dps, 
assume that the electron energy loss is a continuous process. This is 
not strictly true, because the electron loses energy in discrete amounts 
as it interacts with orbital electrons of the target atoms. However, 
large energy losses due to inner shell ionisations are comparatively rare 
events (Shimizu et at., 1976) and hence the approximation may be considered 
reasonable. The formula for dE/dps, commonly used is the expression 
given by Bethe and Ashkin (1953);

^  = 78500 In (1.166 E/J) (2.10)dps AE

where J is the mean ionisation energy which is the average electron energy 
loss at each inelastic collision. There are many formulae for J in 
existence and a number of these are listed by Heinrich (1981). However, 
it is not obvious which of these is the most reliable. In a given ele
ment, J is usually assumed to be constant, but it is actually dependent 
upon the energy of the electron (Cosslett and Thomas, 1964c). For example, 
once the electron's energy drops below the critical ionisation potential 
for the K shell of an atom, K shell electrons can no longer be excited 
and thus J will be reduced. The value of J may also be affected by 
chemical bonding in light elements, since transitions involving the valence 
electrons contribute proportionally more to the loss in energy than is the 
case for heavier elements (Berger and Seltzer, 1964; Brown, 1968).

Various methods have been proposed for calculating the stopping power 
factor. Duncumb and Reed (1968) suggested that as the ratio of dE/dps 
for specimen to standard varies only slowly over the electron range (the 
variation being in the logarithmic term) , it may be assumed to be approxi
mately constant. This allows the ratio of the stopping power factors from
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specimen AB, and standard A, to be simplified, as shown below:

dE
(dE/dps) AB

Eo

(dE/dps

-dE

(dE/dps)ABA

E

Eo
/•e

(dE/dps
O^dE

Eo

(dE/dps)

(dE/dps AB

The value of the ratio is usually (Thomas, 1963) calculated for a 
mean energy of (Eo+E^)/2 and the formula used for J is normally that 
derived by Duncumb et al., (1969):

7/7 SJ/Z = 1 4 [ 1 - e x p ( - 0 . 1 Z ) ]  + 75.5/Z^ -Z/(100+Z).

This formula for J was obtained from J values which had been empirically 
adjusted so as to minimise the analytical errors of electron probe analyses 
of materials of known composition. From this treatment by Duncumb and 
Reed, it follows that the value of S in a multi-element specimen is an 
additive function given by S = ZcmS^ where is the stopping power for 
the ith element.

A more rigorous technique for calculating the stopping power was 
developed by Philibert and Tixier (1968a), who showed that it is possible 
to evaluate the integral in equation (2.8) exactly. However, Love et al., 
(1975) found that it offered little, if any, improvement over the Duncumb 
and Reed correction and had the disadvantage of being more complicated to 
apply. A more recent technique for calculating the stopping power factor 
has been developed by Love et al., (1978a). These authors have pointed 
out that the Bethe expression for dE/dps is only valid if E >> J, but as 
the electron energy approaches J, this expression predicts a rise in 
dE/dps and then a rapid drop to zero when E = J/1.166. This implies 
that the electron will no longer lose its energy, but travel on in
definitely through the target. A more realistic trend is a gradual in
crease in dE/dps as the electron energy decreases, dE/dps becoming infinite
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as E *" 0. The method of Love et at. produces such a trend by modifying 
the Bethe formula as shown below.

dE
dps

78500
E/J In (1.166 E/J)

11 z
J A /(E/J) (2 .1 1 )

where /(E/J) is a polynomial

/(E/J) = 1.18 X 10-5(E/J)' + 1.47 X 10""(E/J)

Equation (2.11) can be seen to agree closely with the Bethe formula 
for values of E/J > 9 and to possess a more realistic limiting behaviour at 
lower E/J (Figure 2.1). For multi-element samples, dE/dps is calculated
according to

dE 1 ""î i
3 ^  = - -----J /(E/J) A,

CiZ1^1where In J = Z  In Jĵ / Z
CiZi

Ai - Ai

/
Using this expression for dE/dps with equation ( 2 . 9 )  for Q allows

dE to be evaluated to give :dE/dps

1 + 16.05(i^)^(
^c

O q ^-1 nI.o 7| /
Uo-1 Ai

(terms which cancel when calculating the ratio of 1/S from specimen to 
standard have been omitted from the above equation). These authors use 
the Bloch (1933) formula for the mean excitation energy, J (eV) = 13.5 Z.
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2.1.2 Backscatter factor.-The backscatterinq of electrons from solid 
targets is mainly caused by elastic scattering events which enable some 
electrons to approach the sample surface with sufficient energy to escape. 
The electron backscatter coefficient, n, is defined as the fraction of 
incident electrons that do not remain within the sample. This fraction 
increases with atomic number, since the probability of large angle elastic 
scattering is greater for heavy elements. g is only weakly dependent 
on incident electron energy ; the lighter elements show a decrease in h 
as the incident electron energy increases, while the heavier elements 
show the opposite trend. Below 5 keV, g does not vary smoothly with 
atomic number because g depends in a complex way on the structural chemical 
and electronic state of the surface (Darlington, 1971; Bishop (1966a,b; 
and Darlington and Cosslett, 1972). Backscatter coefficients have been 
measured by such authors as Bishop (1966a,b), Heinrich (1966b) and 
Darlington (1975). For a multi-element target, it has been shown by Bishop 
(1966a) and Herrmann and Reimer (1984) that g = Zc^g^.

Typical energy distributions of backscattered electrons are shown 
in Figure 2.2 for electrons backscattered out of the target at 45° to the 
specimen surface when the electron beam was normal to the target surface.
The horizontal axis, W, is normalised to Eq , and the vertical axis re
presents the fraction of the backscattered electrons which have energies 
between E and E + AE.

Backscattering results in a loss of characteristic %-ray generation 
because some of the electrons (those with energies E > E^) would have 
produced characteristic J-rays had they remained in the specimen. The 
backscatter factor, R, is defined as the ratio of the intensity (Î ) of 
ionisation generated in the specimen to the intensity (I) that would have 
been produced if no electrons had escaped, thus:

R = ^  = 1 - ^  (2.12)

where 12 is the X-ray intensity lost due to backscattering. The magnitude 
of R can be calculated as follows. From equation (2.7) it may be seen 
that the loss in generated X-ray intensity due to a single backscattered 
electron with energy E = WEq is



0.5

04

Au

0.2

Cu
0.1

0.80.2 0.60.4 1.00
W =E/E^

Fig.2.2 Backscattered electron energy
distributions from Bishop (1966 a).

Note that the carbon values have 
been increased by a factor of 2 .



-  Z j  -

I
Ec

WEo

Hence the total intensity of ionisation lost for a fraction n of the in
cident electrons backscattered will be

l2 . const. / ^  dE dW
'Ŵ  ~WEo

where = Eq/Eq .

Substituting for I [equation (2.7)] and 12 into equation (2.12), gives

/ ^ dE dWdE/dps
W WEo

R = 1 - ____ 2---------

I dE/dps 
Eo

in which equations (2.9) and (2.10) may be used to calculate Q and dE/dps 
respectively.

Values of the backscatter factor R have been determined by a number 
of authors, including Duncumb and Reed (1968), Salter (1970) and Bishop 
(1968), all of whom used Bishop's (1966a) backscattering results. Back
scatter factors have been given in tabular form as functions of atomic 
number and inverse overvoltage, or more conveniently, as a polynomial 
[Duncumb, Shields-Mason and da Casa (1969); Springer (1966)]. Calculated 
values of R have been found to agree fairly well with the experimentally 
measured results of Castaing and Derian (1966).

In a multi-element system, R is usually determined by weight averaging, 
R = Zc^R^. Although this is an approximation. Bishop (1965, 1968) has 
shown that it introduces only small errors. The values of R derived from
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experimental backscattering results are of limited use in microanalysis, 
since experimental dg/dW data only exist for restricted experimental 
conditions. Yet, in practice, a variety of accelerating voltages and 
angles of incidence may be used. To overcome this limitation. Love 
at el. (1978a) have derived an alternative expression for the backscatter 
factor utilising Monte Carlo calculations (see Chapter 4). This ex
pression for R, derived by Love et al., is shown below,

R = 1 -  n l l ( U o )  + gG( Uo) ] i -G7  (2 .13)

where
I(Uo) = 0.33148 InUo + 0.05596 (InUo)^ - 0.06339 (InUo)^ + 0.00947 (lnUo)\

and

G(Uo) = - ^ [ 2 . 8 7 8 9  InUo -  1. 51307 (InUo )  ̂ + 0 . 81312  ( InUo)^ -  0.  08241( InUo ) "̂ ]

The appropriate value of n for normal electron incidence to be used in 
expression (2.13) is given by Love and Scott (1978) as

n = ri20

where ri2 0 is the backscatter coefficient for an incident electron energy 
of 20 keV,

n2o = ( -52 .3791  + 150.48371Z -  1.67373zZ + 0 .0 0 71 6z3 )  x 1 0 " ^ ,

and
H (Z)
920 ^  1112.8  + 30.289Z -  0 .15498ZT) x 10'

The value of R for inclined specimens may be determined using the relation
ship of Darlington (1975), which relates the backscatter coefficient for 
inclined specimens to g at normal incidence. For multi-element targets 
Love et al. (1978a) suggest that weight averaged backscatter co
efficients are used in equation (2.13).

2.2 Fluorescence correction

The characteristic and continuum fluorescence corrections may be con
sidered separately.
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2.2.1 Characteristic fluorescence correct ion.-For the case where fluor
escence in element A is excited by the characteristic radiation from 
another element, B, the fractional contribution, Y, to the /-ray line 
of interest from characteristic fluorescence may be written

where Ip is the characteristic fluorescence intensity and 1^ is the 
electron-generated ('primary') intensity. In compounds where fluor
escence is excited by more than one element, the ratio Ip/I^ is calculated 
separately for each exciting element and the individual contributions 
summed to obtain Y.

Characteristic fluorescence corrections have been developed by 
Castaing (1951) and Reed (1965). The latter is most popular (and will 
be considered here), since it may be used for K-K, K-L, L-K or L-L fluor
escence, whereas the former is restricted to K-K. (In this notation, 
the first symbol refers to the exciting radiation and the second to that 
excited.) The efficiency, e, with which fluorescence radiation of 
element A is generated by /-rays from element B is given by

" ' —  "a

where (p/p)^ is the mass absorption coefficient of element A for /-rays 
from element B; (p/p)g is the mass absorption coefficient of the specimen 
for radiation from B; and r^ is the absorption edge jump ratio (defined 
as the ratio of p/p on the high energy side of an absorption edge to that 
on the low energy side) for the radiation of interest from element A.

If it is assumed that all the B /-rays are produced at a point on 
the surface, so that only half of them will be absorbed in the sample, 
then

—  - 0.5 .£. —  (2.15)
A A

From the Green and Cosslett (1961) expression for characteristic /-ray 
intensity, the ratio I^/I^ may be written as
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where and refer to the overvoltage ratios.

By substituting equations (2.14) and (2.16) into (2.15) we obtain

Ig (P/P)g r^-l (Ug-l)'-'"
^  —  “ b  ^

In deriving equation (2.17), absorption of the fluorescence radiation 
as it emerges from the specimen has been neglected. The ratio Ip/I^ will 
be affected by absorption because, although the mass absorption coefficient 
is the same for fluorescence and primary radiation, they are produced at 
different depths within the target. A term to account for absorption has 
been shown by Castaing (1951) to be

in + in

(p/p)^cosec^
with u = ■ ( U/P>3

In deriving the above expression, Castaing assumed that the primary X-ray 
depth distribution could be simplified to the form

iz5(pz) = {Z$ (O)exp (-3pz)

where 3 is an attenuation coefficient. Love and Scott (1981) proposed 
that the appropriate value of 3 is

4 . 0 5  X 10^

where is for element A. v is then given by v = 3/(p/p)g. Evidence 
suggests that the magnitude of the calculated fluorescence correction is 
not significantly changed by adopting the simplified /(pz) expression 
rather than a more rigorous one.
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The final ratio Ip/l^ after emerging from the target is therefore

I? r. _ 1 An (U=-l)l-G7 rF n r .  ̂ B - 1 *A0.5. const. Cg Wg -  ,u^_i,ue 7 , 1 +uIn --- + In

where the constant accounts for the type of fluorescence occuring. If 
K-K or L-L fluorescence occurs, the constant is unity. If L-K or K-L 
fluorescence occurs, the constant is 4.2 and 0.24 respectively.

The characteristic fluorescence correction is typically of the order 
of 1 or 2% and it is considered (Heinrich and Yakowitz, 1968) that the 
largest source of error in the fluorescence calculation arises from un
certainties in the fluorescence yield values. The error in Y has been 
estimated by Reed (1975) to be %20% for K-L and L-L fluorescence calcula
tions and ^10% for K-K and L-K; but such errors can usually be tolerated, 
considering the smallness of the fluorescence correction factor.

2.2.2 Continuum fluorescence correction.-Fluorescence of an X-ray line 
may be caused by the whole of the continuum in the energy range to Eq- 
The fractional contribution, 6, to the X-ray line of interest from con
tinuum fluorescence has been studied by Henoc (1968) and Springer (1967, 
1972, 1973). It has been pointed out [by, for example. Love and Scott 
(1981)] that although the contribution to continuum fluorescence is 
larger than that for characteristic fluorescence, its magnitude tends 
to be similar in both specimen and standard, so that when ratios are 
taken the nett effect is very small, %1%. Furthermore, the correction 
is lengthy to apply and can take as long as all the other correction 
factors combined. In view of this, it is often neglected in quantitative 
analysis. However, as will be discussed in Chapter 5, experimentally 
measured /(pz) distributions may need to be corrected for continuum 
fluorescence effects, because the measured X-ray intensity at each depth 
is a combination of the intensity produced directly by electrons and 
also by fluorescence by the continuum. To make this correction, the 
depth distribution of X-rays generated by continuum fluorescence is cal
culated and subtracted from the measured /(pz) distribution. It is only 
necessary to correct the / (pz) curves obtained from heavy elements, since
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continuum fluorescence decreases rapidly in significance with decreasing 
atomic number [Scott and Love (1983)].

2.3 Absorption correction

In order to calculate the absorption term, the X-ray depth distribution 
must be known. Castaing and Descamps (1955) carried out some of the 
earliest experimental work on the absorption correction. They used the 
tracer method, described in Section 1.3.2,to establish /(pz) curves and 
from these a series of f [X) curves (see Figure 2.3) were constructed. The 
absorption corrections were obtained by reading the /(X) values directly 
from the appropriate curve. However, this graphical approach had limi
tations - there may not be an /(X) curve for the system being studied, 
errors are introduced when reading the graphs, and it does not lend itself 
to iteration.

2.3.1 Theoretical approach.-In view of the above difficulties, Philibert 
(1963) attempted to deduce a mathematical formula for fiX), and the 
equation which he derived is still widely used to-day. He obtained an 
expression for the normalised X-ray depth distribution, /(pz), from a 
consideration of the physical processes involved in X-ray generation. He 
assumed that the number, Up^, of electrons reaching mass depth pz in the 
sample could be described by the electron attenuation law of Lenard

n ^ ^  = n o e x p ( - o p z )

where no is the number of electrons incident on the specimen surface and a 
is Lenard's constant for a particular incident electron energy. The 
effective average path length per electron reaching mass depth pz is 
assumed to increase from a value RgApz at the surface to a maximum value 
of R Apz at the diffusion depth and it remains constant at that value 
deeper into the sample. At the diffusion depth, it is assumed that any
electron direction is equally probable and hence it may be shown that 
R =4. The diffusion depth is determined using the scattering law of 
Bothe (1929) and it is assumed that Ro increases to R^ in an exponential 
manner. Hence Philibert derived an expression for /(pz), as shown below

/(pz) = exp(-apz) [R - (R -Ro)exp(-pz/h')h^— —  (2.18)00 GO y ( b 0 j
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where h ' is related to the changes in electron scattering behaviour 
with atomic number, Q(Eo) is the ionisation cross-section for the in
cident electrons of energy Eg and Q(E) is the appropriate ionisation cross- 
section for electrons at a mass depth pz in the specimen. However, the 
energy of any electron reaching a given mass depth is dependent upon the 
amount of inelastic scattering it has suffered on the way. Therefore 
the electrons at a depth pz will have a range of energies and as Q is a 
function of energy (Figure 1.5), no single value is appropriate. To 
overcome this problem Philibert made the approximation that the cross- 
section was independent of electron energy and so Q(E) and Q(Eo) cancel 
out in equation (2.18).

Although Philibert originally intended to obtain a combined atomic 
number and absorption correction using his formula for ^(pz), the atomic 
number effect had largely been eliminated, due to the approximations made 
(Philibert, 1963; Martin and Poole, 1971). Consequently, equation 
(2.13) gave poor agreement with experimentally determined areas under 
0(pz) curves. However, it was possible to derive an expression for /(X) 
from his çẑ (pz) formula and this is shown below.

= 1 + d(0)hX/[(4 + d(o)h)g] ^2 1 9 )
(1 + X/0)(1 + .X/o)1 +h

In equation (2.19) R q has been replaced by ?$(0), the surface ionisation 
function, since they are equivalent and h = Oh ' = 1.67 x 10”^A/Z ̂ oEq ̂ .
In 1963 the variation of ^(O) with ZEq and Uo was not understood, so 
Philibert simplified equation (2.19) by setting sẑ(O) = 0  and h - 1.2a /Z^. 
This simplification was justified on the grounds that /(X) is not parti
cularly sensitive to the exact form of either sẑ (0) or h, and hence he 
obtained

f(X) - [(1 + X/o)(l + (2.20)

Equations (2.19) and (2.20) represent the rigorous and simplified Philibert 
absorption corrections respectively.
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Many workers have investigated these corrections and made adjustments; 
for example, Duneumb and Melford (1966) modified h and a in the rigorous 
model to give the best fit to the experimentally determined /(X) curves of 
Castaing (1960) and Green (1963b). The expressions which they suggested 
are

4.5A 2.54 X 10^h = — —  O = ----------

Values of 0(0) were determined experimentally and from the Monte Carlo 
calculations of Bishop (1965).

Heinrich (1967) suggested that the values of h and a to be used in the 
simplified correction should be

1.2A 4.5 X 10^h = — —  a = ------------

and these are most commonly used to-day, being incorporated into many of the 
commercially available ZAF correction programs (Beaman and Isasi, 1970). 
Different approaches have been used for averaging h in multi-component 
specimens, but most frequently a weighted average of the individual h 
values for each element is used (Beaman and Isasi, 1972). Martin and 
Poole (1971) suggested that atomic fractions, a^, should be used:

^ _ const.EagAi
Zai(Zi)2

where the constant is 1.2 for Heinrich's formula and Love et at. (1975) 
have indicated that this is more correct on theoretical grounds. However, 
Beaman (1967) concluded that different types of averaging do not, in 
general, substantially alter the absorption correction.

In recent years a number of new absorption correction models have 
been proposed. Some of these are theoretical approaches based upon the 
rigorous Philibert model. Scott and Love (1983) suggest that two of the 
most promising of these are:
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(a) Reuter (1972). He employed equation (2.18) as a basis for his model
and derived new empirical formulae for R , h ' and n , using the ^ œ pz
experimental data on electron transmission through thin metal foils, 
obtained by Cosslett and Thomas (1964a,b,c, 1965). He also re
presented 0(0) and Q(E) by formulae, hence the absorption correction 
was evaluated by numerical integration after substituting the new 
expression for 0(pz) into

rI 0 ( p z ) e x p ( - X p z ) d p z  

•'o

/ 0  ( p z ) d p z

(b) Ruste and Zeller (1977). They examined the experimental data of Cosslett 
and Thomas (1964b) and Bishop (1967) and concluded that a new 
formula for o should be used. They made a atomic number dependent 
and also suggested a new formula for h which included an energy 
dependent term.

2.3.2 The curve fitting approach.-Rather than basing absorption correction 
models on the Philibert approach, some authors have used a 'curve fitting' 
method. This involves deriving an empirical expression for 0(pz) which 
will match experimental X-ray depth distributions.

Wittry (1958) proposed that 0(pz) could be represented by a Gaussian 
profile with the peak displaced along the mass depth axis:

(pz) - Aexp , p Z- p Zo,2

where pzg is the peak position and Apz is related to the full width at 
half the maximum (FWHM) , i.e., Apz = /2.FWHM/2„ 355. Numerical in
tegration is then used to determine /(X). This formula was unable to 
give simultaneously the correct values of pzo, 0(0) and A p z .  However, 
its major limitation was that it was not generally applicable, since 
the author only provided data to fit a few 0 ( p z )  curves.
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The curve fitting approach was made more widely applicable by other 
workers; for example, Buchner and Pitsch (1971), Parobek and Brown (1978), 
Packwood and Brown (1981), Brown and Packwood (1982), Packwood and Brown 
(1983) and Bastin et al. (1984a,b).*

The most recent of these (Bastin et at.^ 1984a,b) is based upon the 
approach suggested by Packwood and Brown (1983). In this method 0(pz) 
is described by

0 (pz) = Y 1 - exp(-SoPz)Xi
exp[-ao ^ ( p z ) 2 ]

which is a Gaussian curve centred at the surface of the sample and modified 
at the surface by a transient function. Formulae for a g, 3o and Y o are 
as follows:

ao
1.75 X 10

Eol'2S(Uo-l)°'S5

I n ( 1 . I 6 6E0/ J ) 0 5

.1 . 7 0 . 3IQ - 0.4ao — (Uq-I)^'

4. 9 ttU o

(Uo-1) lnUo (InUo- 5 + 5Uo ^)exp(O.OOlZ)

Bastin et al. (1984a) found these expressions of «g, 3g and Y g to be a sig
nificant improvement over those suggested by Packwood and Brown (1983).

The atomic number and absorption correction factors (Z and A) are 
calculated simultaneously in this model, using

ZA =

YoR(i^) - [Yo-0(O)]R(-^:!^)2ao 2a0

Y o R ( ^ )  -  [Y o - 0 ( O ) ]R ( '2ao 2a 0

astd spc 
Ggtd

spc

Vihere Rrepresents the value of a fifth-order polynomial for the argument 
in parentheses.
Since this was written, a paper by Tanuma and Nagashima (1983) has been 
noted. His model will be briefly described in Chapter 6.
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R(y) = a t + a t ̂ + a t ̂ +a t +a t ̂1 2 3 4 5
with t = 1/(1 + py) p = 0.3275911
ai = 0 . 2 5 4 Ü 2 9 5 9 2  &2 = - 0 . 2 8 4 4 9 6 7 3 6

as = 1 . 4 2 1 4 1 3 7 4 1  a^ = - 1 . 4 5 3 1 5 2 0 2 7

as  = 1 . 0 6 1 4 0 5 4 2 9

and 0(0) is calculated using the equations of Love et al. (1978b).

(Note that ZA are defined in this model by the relation c - k ZAF where 
k is the measured intensity ratio.)

The curve fitting approaches which have been mentioned thus far attempt to 
derive analytical expressions to describe 0(pz) curves exactly. The equations, 
however, tend to increase in complexity as the fit is improved and so it 
often becomes necessary to use time consuming numerical integration to 
evaluate /(X). Therefore, it has been suggested that perhaps it is un
necessary to express 0(pz) so precisely and an approximate representation 
of 0(pz) may allow quantitative data to be acquired more rapidly.

Bishop (1974) proposed that the X-ray depth distribution could be 
approximated to a rectangle, as shown in Figure 2.4. In this model, 0(pz) 
is assumed to be constant until a depth equal to twice the mean depth of 
X-ray generation is reached, when it falls to zero. The mean depth of 
X-ray generation, pz, is defined as

/ 0 ( p z ) . pz.dpz
JQ

p z  =

/ 0 (pz).dpz

The value of /(X) is independent of the rectangle's height and is given by

f(X) = .1, - e x p ^ 2 x g i )  ,2.21)
2 X p z

An expression for pz has been derived by Love and Scott (1980) from Monte 
Carlo calculations, and they suggested that pz could be expressed by

p z  = ps
(Do + D% p + D2 h^)lnUo

m 9F 0 + Fin + F2 n + InUo



3-

Fig.2.4 X-ray depth distribution for gold 

radiation at 30keV.
 Monte Carlo calculation
 Approximation of Bishop



- J 4 -

where is the electron range given by

ps^ = ^  (0.787 X I Q - 5 j O. S Eo^-S + 0 . 735  x 10"* Eo^) ( 2 . 22)

and Do = 0 . 49269  Fo = 0. 70256

Di  = - 1 . 0 9870  Fi  = - 1 . 09865

Ü2 = 0 . 78557 F2 = 1. 00460

For a multi-element sample, J is averaged as shown below

c,Z. c,Z.
In J = E In J./EA. 1 A .

n is weight averaged and Z and A are averaged according to

; c.z.(|) = lA-p
1

In this model the shape of the X-ray depth distribution is grossly 
simplified, so it is instructive to see if it has the correct limiting 
behaviour for low and high absorbers. If the general expression for the 
absorption factor /(X) in equation (2.5) is considered,

/■(pz) exp (-Xpz)dpz

/(X) =   (2.23)
(pz)dpz

0

For low absorbers, /(X) >0.7 and X ^ 0.

T o o  Çoa

I (Z$(pz) (l-Xpz)dpz I ^(pz)pz dpz
Jo Jo

0 ̂ ------------ 1 -  X ---------------------^ ^  1 -  Xpz ( 2. 24)

I ^ ( pz ) dpz  I 0(pz) dpz

The expression for /(X) from Bishop's model [equation (2.21)] predicts that 
as X > 0,
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/•(■,) 1 - Il - 2Xp-ï +
_ ̂ -----------------------------   1 - Xpz (2.25)X O 2Xpz

From equation (2.24) it may be seen that, whatever the form of 
0(pz), for small X, the important parameter in determining /(X) is the 
mean depth of X-ray generation pz. Bishop's model shows the correct
limiting behaviour (2.25), so if the expression derived by Love and Scott 
for pz is accurate, this simple rectangular model may be expected to perform 
well for the analysis of low absorbing systems.

For heavily absorbing systems /(X) <0.1 and X -> <», therefore, the 
expression (2.23) for /(X) may be written

I

0 (O)exp(-Xpz)dpz

/(X) = ^

X (pz )dpz

In this expression the (zS(pz) term in the numerator has been replaced by 
(Z$(0), the surface ionisation function, since most of the X-rays emitted 
from the specimen will have originated in the surface region. The /(pz) 
term in the denominator refers to X-ray generation and so this is not 
changed. As X ^

I /(O)

/ (pz)dpz
/(X)   |- - exp (-Xpz)

/(O)
(2.26)X

0 (pz)dpz

so fiX) is inversely proportional to X and is largely determined by /(O). 
In the case of Bishop's model, for high absorbers equation (2.21) becomes

f(X)
X/»™ 2Xpz

which has the correct dependence on X, although it is not dependent on /(O).
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2.3.3 Mass absorption coefficients.-The accuracy of any absorption correction 
model is limited by the reliability of the input parameters. These are: 
p/p, Eo and 'tp. Errors in and Eq may be controlled by the microanalyst 
and with care the error in f (\) due to these kept below 1%, However, 
errors in the mass absorption coefficients provide a fundamental limitation 
on the accuracy with which /(X) may be calculated. Therefore, it is im
portant to choose the most reliable set of p/p coefficients for quantitative 
analysis.

Experimental measurements of p/p are only available for a few wave
lengths in many elements and for some elements there are no results. A 
table of p/p data has been obtained by Heinrich (1966a) and this is widely 
used in electron-probe microanalysis. He made a careful study of the 
available experimental data, rejected those data he considered unreliable 
and included some new experimental results of his own. The expression 
p/p = CA^ was used to interpolate between results, where C and n are 
functions of the absorber and the absorption edges on either side of A.
His table gives p/p values for absorbers with atomic numbers in the range 
3 ^ Z ^ 94 and for wavelengths in the range 0.7 A ^ A .< 12 A.

When ZAF corrections are calculated on computers, it is more convenient 
to have an analytical expression to calculate C and n than to store large 
amounts of p/p data. Such expressions have been developed by Yakowitz et al. 
(1973) and Colby (1968); these have been evaluated by Springer and Nolan 
(1976), who concluded that the formulae of Colby were more accurate, but 
could be improved by a few alterations.

A new set of p/p values have recently been compiled by Thinh and 
Leroux (1979) using the formula p/p = CE^A^, where Ê, is the lower of the two
energy levels on either side of the energy being absorbed. However,
analytical formulae for C and n are not available, so their table of data
[Leroux and Thinh (1977)] is not as convenient to use as the Springer and
Nolan formuWe.

Neither the tables of Heinrich nor Leroux and Thinh include mass ab
sorption coefficients for soft /-rays. This is because there is a paucity 
of experimental results in this region, coupled with large discrepancies 
in the available data [Weisweiler (1970a)]. Recently, Henke et at. (1982) 
have compiled the most complete table of mass absorption coefficients for the
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A-ray energy range 2 keV > E > 780 eV from interpolation and extrapolation 
of what they considered to be the best available experimentally measured 

values.

2.4 Comparison of various correction procedures

The magnitude of both characteristic and continuum fluorescence 
corrections is usually less than either the atomic number or absorption 
correction factor. The fluorescence correction methods currently available 
may be considered adequate, considering that the largest source of error in 
the fluorescence calculation arises from uncertainties in fluorescent yield 
values and not from the models themselves.

The atomic number correction methods [Duncumb and Reed (1968); Philibert 
and T i x i e r  ( 1968a,b) ; Love etaZ. 1978a)] have been assessed by Love et al.
(1975) and Love and Scott (1978), who found that there is little to choose 
between them. Furthermore, they suggested that the error in the atomic 
number correction factor is probably less than that inherent in the experi
mental measurement of intensity ratios.

Some of the models for calculating the absorption correction factor 
have been assessed by Love et al. (1974b, 1975, 1976), Love and Scott (1978, 
1980, 1981) and Scott and Love (1983), by examining their performance when 
correcting microanalysis measurements obtained on samples of known chemical 
composition.

These authors found that the simplified Philibert model works fairly 
well for a large number of systems, but does not succeed so well for light 
element analysis. In this model the surface ionisation function /(O) is 
set to zero, which is why this method is inappropriate for heavily absorbing 
systems in which most of the emitted /-rays will have been generated in the 
surface region. The inadequacies of the simplified Philibert approach led 
other authors to propose absorption correction models based on the rigorous 
Philibert method, since this can be shown to have the correct limiting 
behaviour for highly absorbing systems. Scott and Love (1983) considered 
that Reuter's (1972) correction method was considerably worse than the 
simplified Philibert approach for light element analysis and also, slightly 
worse for the analysis of heavy elements. In their assessment they also 
found that the method proposed by Ruste and Zeller (1977) gave no improve
ment over the simplified Philibert approach for elements of atomic number
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> 10, although it did improve the analysis of light elements.

Two of the curve fitting approaches have been evaluated by Scott and 
Love (1983). They found that the method of Parobek and Brown (1978) was 
significantly worse than the simplified Philibert model for the analysis 
of light elements and no better for the analysis of heavy elements. From 
the evaluation by Scott and Love (1983) the Love and Scott (1978) absorption 
correction (based on Bishop's model), seems to be the most promising 
of the new models, being a little better than the simplified Philibert 
approach for the analysis of heavier elements and a significant improvement 
for the analysis of light elements.

The most recent curve fitting method, developed by Bastin et al. (1984a,b) 
has been assessed by them for the analysis of heavy elements using the same 
set of microanalysis data as that used by Love and Scott [Love et al. (1975)]. 
In this evaluation the model was found to be equally as good as the Love 
and Scott (1978) approach. However, an assessment of Bastin's model for 
light element analysis has not yet been published.

More recently, Borovskii et al. (1984) have evaluated a number of ab
sorption correction methods (including the simplified Philibert, Love-Scott 
and Ruste-Zeller models) for light element analysis. Their results show 
that both the Love-Scott (1978) and Ruste-Zeller (1977) models offer im
provement over the simplified Philibert method, which is in agreement with 
the findings of Scott and Love (1983).

From the above comparisons of absorption correction models, it seems 
that only those by Love and Scott (1978) and Bastin et al. (1984a,b) merit 
further consideration.

Since the foregoing was written, however, new information has come to 
light, firstly in connection with the model of Ruste and Zeller (1977) and 
secondly, concerning the development of a completely new correction. The 
Ruste-Zeller method now involves modifications to the a and h values, al
though the indications are that these are not likely to alter significantly 
the shape of the /(pz) curves which was predicted unsatisfactorily by the 
original model [Scott and Love (1983)j. It then follows that the revisions 
are unlikely to alter appreciably the performance of this method and it will 
not, therefore, be assessed further here. The new correction is by Pouchou
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and Pichoir (1984), who give data showing excellent agreement between /(pz) 
curves predicted by their model and experimentally measured profiles, for 
a wide range of atomic numbers. Unfortunately, however, no information is 
given showing how the model performs when correcting a wide range of micro
analysis results. Furthermore, data are not provided which enable it to be 
applied to the pertinent data file. Consequently an assessment of the model 
cannot be carried out at this point in time.
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CHAPTER 3

The Scope of the Present Investigation

It has been mentioned in the preceding chapter that the available 
atomic number and fluorescence corrections may be considered to be ade
quate for use in quantitative analysis and so their further refinement 
is not likely to improve substantially the accuracy of quantitative 
analysis. However, the same cannot be said of the absorption correction 
factor. The absorption correction is usually larger than either of the 
other corrections, so a better model could improve significantly the 
overall performance of ZAF correction methods. Two promising 
absorption corrections are the "curve fitting" approaches of Love 
and Scott (1978) and Bastin et dl. (1984a), described in the preceding 
chapter. The model developed by Bastin et di. is a combined atomic 
number and absorption correction, which therefore requires the /-ray 
depth distribution, /(pz), to be described very accurately. The Love- 
Scott method indicates that it may be unnecessary to describe /(pz) pre
cisely (provided that the distribution has the correct mean depth) if the 
absorption correction alone is calculated. For the analysis of heavy 
elements, both models provide an improvement on the commonly used simpli
fied Philibert method and it has been suggested that the Love-Scott 
approach is also better for light element analysis. However, there is 
room for further improvement in the analysis of heavily absorbing systems, 
such as low atomic number elements and, as yet, there is no absorption 
correction model which is capable of dealing adequately with tilted 
specimen geometries.

In view of this, the aim of the present research is to develop an 
improved absorption correction by using a curve fitting approach. It 
has been decided to model the /(pz) curve more accurately than the rect
angular shape used by Love and Scott, but still to keep the shape simple, 
so that it can be defined by only a few parameters. To meet these re
quirements, the /-ray depth distribution will be represented by a quadri
lateral shape, as shown in Figure 3.1.
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In order to derive an analytical expression for 0(pz), reliable 
experimental measurements of sz5(pz) curves are required. These will 
be obtained by two methods; (i) the tracer technique. This will be 
applied to a few systems (including a light element one) for a number 
of different incident electron energies and specimen tilt angles. These 
new measurements are needed because there are sometimes considerable 
differences in published ?5(pz) data and it is not always apparent which are 
the most reliable. Also, only a limited amount of data has been published 
for light elements or for more than one specimen tilt angle. Tracer 
measurements are very time consuming and can be carried out only on a 
limited number of systems, so the majority of fi(pz) data will be obtained by 
another method. (ii)The second method is to use Monte Carlo calculations. 
These can be used to derive ^(pz) curves for many hypothetical systems 
and compounds which cannot be measured experimentally.

From the X-ray depth distributions an analytical expression for 
fix) will be derived which will be evaluated by combining it into a ZAF 
procedure and observing its performance when correcting microanalysis 
data obtained from specimens of known composition. A collation of 
microanalysis data by Love et al. (1974b, 1975, 1976), complemented by 
additional data, will be used in the assessment. In addition micro
analysis measurements will be made on a number of carefully character
ised light element systems and these will then be used to test the 
applicability of the model to low atomic number systems.

The performance of the new absorption correction model will be compared 
with that of some other models.

Finally, a specimen tilt correction factor will be included in the 
absorption correction.



CHAPTER 4

Experimental Details

4.1 Electron-probe microanalyser used in the investigation

The electron-probe microanalyser used in the research was a JEOL 
JXA 733 fitted with three wavelength-dispersive spectrometers giving an 
/-ray take-off angle of 40°, Each spectrometer contained two analysing 
crystals selected from the following: thallium acid phthalate (TAP),
lead stearate decanoate (STE), pentaerythritol (PET), lithium fluoride 
(LiF), and lead laurate (LAU).

The JEOL JXA 733 instrument is computer controlled and can be pro
grammed to perform a series of operations such as: moving the specimen
stage to a preselected position; rotating the crystal spectrometers to 
find peak intensity maxima; counting for a preset time at the peak posi
tion and measuring the background at appropriate positions. Alternatively, 
the specimen stage and spectrometers can be moved manually using servo 
controls.

In order to make measurements on tracer samples with tilted specimen 
geometry (non-normal incidence of the electron beam), the microanalyser 
specimen holder required modification. Figure 4.1 shows the new design. 
Several holders were constructed, each one tilting the specimen by a 
different amount.

Carbon contamination was minimised by a cold finger c o o le d  by liquid 
nitrogen, positioned in close proximity to the specimen.

4.2 Monte Carlo

The principle of Monte Carlo methods has been described briefly in 
section 1.3.2. In this investigation the Monte Carlo model of Love et 
ai. (1977) has been used, which is based on the simplified approach of 
Curgenven and Duncumb (1971) . Love et ai. (1977) tested their model by 
comparing calculated backscattered electron energy distributions with 
experimental measurements and found that there was close agreement. From 
this it was inferred that, since the electron energy distribution at the 
surface was predicted correctly, the electron energy distribution at all



Electron beam

Specimen surface

Sample holder

Fig.4.1 Schematic diagram of a section through 

the modified sample holder .



— • 1 '1 —

At each step in the electron trajectory, P is obtained from

P = P(RND)^

where Po is the maximum impact parameter and RND is a pseudo random number 
between Û and 1. The square root allows for the greater probability of 
higher values of P as electrons arrive at random over a circle of radius 
Pq. In the Curgenven and Duncumb (1971) model, it was necessary to adjust 
values of Po by trial and error in order to obtain the correct backscatter 
coefficient. However, Love et at. (1977) eliminated the need for this: 
they rewrote equation (4.2) as

and defined cot(6(/2) = 2PoEo/0.ul44Z, where 3q is the minimum scattering
angle for an incident electron of energy Eq . Hence they obtained

c o t ( 3 /2 )  = c o t ( 3 o / 2 ) . ( E / E o ) ( R N D ) *  (4 .3 )

Now, the number of electrons backscattered depends only on the value of 
c o t (3 /2 )  determined at each step in the electron trajectory. Love then 
showed that cot(3o/2) was a function of n only and derived

cot(3o/2) = (0.02209 + 0.10716n + O.OSOOSn^ + 0.37555nS)-l.

This was incorporated into the Monte Carlo program, along with an equation 
for n [Love and Scott (1978)] derived from an analysis of experimentally 
measured n values.

A typical electron trajectory is shown in Figure 4.2. The energy at each 
step in each trajectory is calculated using equation (4.1) and 3 is cal
culated from equation (4.3). The azimuthal scattering angle, y, is given 
by Y = 2 it (RND) , since all azimuths are equally probable. From geometrical 
considerations, the mass depth reached by the electron at the nth step is 
given by:

( p z ) n  = ( p z ) n - i  + A ( p z )  c o s  ( t t n - i )



Electron
Beam

n-i

n -i

Fig. 4.2 Typical electron trajectory in a solid sample
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and a, the angle between the electron's direction and the surface normal, 
is expressed as:

cos(a^) = cos (ttn-i) -cos3 - sin (0,^-1).sing.cosy

The number of /-rays produced in each step is calculated using the 
ionisation cross ; section Q(U), which is given by the expression of Green 
and Cosslett (1961)

Q(E) const InU 
U

for U 1 . For U < 1, Q(U) is equal to zero.

In this model adOOOO electron trajectories are considered. The number 
of /-rays produced at each depth in the target is summed over all traject
ories and normalised to the number generated in an isolated thin film of 
thickness A(ps) . This provides /-ray depth distributions in the same 
form as those generated by tracer experiments. The backscattered electron 
energy distribution is obtained by recording the number of incident electrons 
which are backscattered from the specimen together with their energy.

4.3 Measurement of /-ray depth distributions using the tracer technique

As described in Section 1,3.2, tracer samples consist of a thin layer 
of one element embedded in a matrix of a second element (Figure 1.10). The 
/-ray intensity from the tracer is then normalised to that from an identical 
isolated' tracer under the same analysis conditions.

In preparing tracer samples a large number of evaporations are required 
to deposit the overlying matrix layers, so elements which can be easily 
evaporated from a heated filament or boat are preferred. Taking this and 
other factors (listed in Section 1.3.2) into account, tracer samples have 
been prepared using the following materials: gold (bismuth tracer), alu
minium (silicon monoxide tracer), and carbon (aluminium tracer), in order 
to give a range of systems. A medium atomic number system such as copper 
was not included since there are many published data already available in 
this region of the periodic table [see Scott and Love (1983)].
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The tracer materials chosen for the aluminium and gold matrices have 
similar atomic numbers to those of the matrices and therefore are not likely 
to alter significantly the scattering of electrons within the matrix.
However, this may not be the case with an aluminium tracer in carbon, and 
some checks were therefore carried out as follows. Half the surface of 
a carbon substrate was coated with a thin aluminium layer. The specimen 
current was measured in the electron-probe mocroanalyser with the electron 
beam on coated and uncoated parts of the sample at each probe voltage to 
be used later in the tracer measurements. The aluminium layer was built 
up by successive depositions until a measurable difference in the specimen 
current (>1.5%) was measured on the coated and uncoated areas, indicating 
that the aluminium was now significantly affecting the electron scattering 
behaviour. In this way, the maximum tracer thickness which could be used 
was established as 0.003 mg cm“ .̂

4.3.1 Preparation of substrate.-All materials used (tracer or matrix) were 
of 0.99.99% purity. Samples of aluminium and graphite, 7 mm thick and 13 mm 
diameter were ground on emery paper grade p500 and then finely polished 
using diamond paste down to 1 pm grade on a cloth pad. The gold was in the 
form of thin foil, pieces of which were stuck onto aluminium stubs and then 
polished using alumina powder down to 0.05 pm grade using distilled water and 
soap solution as a lubricant. Eight samples of each material were prepared 
and cleaned ultrasonically to remove any traces of polishing compound prior 
to storage in a vacuum dessicator.

Support films for 'isolated' tracer layers were made of 'Pioloform F ' 
which is an acetal of formaldehyde with a high content of vinyl acetate 
groups (12%). Pioloform F was chosen rather than collodion (nitrocellu
lose) or Formvar (polyvinylformaldehyde) because of its higher mechanical 
and thermal stability and low electron scattering properties [Stockem (1970)]. 
A solution was made of 0.5 g Pioloform F dissolved in 100 ml of chloroform. 
Films were produced by firstly immersing a glass slide in Pioloform F 
solution. The slide was then removed and allowed to dry in air, thus 
leaving a thin film on the glass surface. The film was 'floated' off in 
water, and copper 3.5 mm diameter electron microscope grids were placed 
upon it. Both film and grids were lifted from the water surface with a 
piece of paper and individual grids (coated with plastic film) were mounted
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on graphite holders, as shown in Figure 4.3. (Graphite was chosen for 
its low electron backscattering properties.)

To ensure that the plastic support films did not produce significant 
electron backscattering effects, leading to enhanced /-ray intensities, a 
number of supports were made of l,z,3 and 4 layers of plastic. After 
deposition of a tracer layer on each of these, /-ray intensity measure
ments were carried out on the tracer. Results showed that there was 
no significant difference for all three tracer materials, indicating that 
the effect of a single plastic layer could be regarded as negligible.

4.3.2 Deposition of layers.-The tracer elements and overlying matrix layers 
were deposited by thermal evaporation using an Edwards vacuum coating unit 
model 12E6. The pressure in the coating chamber was reduced below 10”*^Torr, 
before deposition was commenced. Materials used in the experiments were 
evaporated by resistive heating using: a tungsten filament basket for gold;
molybdenum boats for bismuth and silicon monoxide; and a convoluted tungsten 
filament for aluminium (as shown in Figure 4.4). For the evaporation of 
carbon a current of 'vSO A was passed through two contacting carbon rods.
Figure 4.5, [Bradley (1954)], resistive heating occuring in the region 
near the point of contact.

In order to ensure that (i) the same tracer thickness was deposited 
on the substrate material and on the plastic support, and (ii) coatings 
were of uniform thickness, a platform was designed to rotate the samples 
about two axes during evaporation, as shown in Figure 4.6. The platform 
was mounted ^200 mm above the evaporation source. Two preliminary experi
ments were then carried out to establish the experimental accuracy of the 
coating method.

(i) The uniformity of the coatings was checked by measuring the 
/-ray intensity from thin layers deposited onto four glass 
slides (one slide on each rotating platform during the 
evaporation). No significant variation was observed for 
different points on each slide or from one slide to the next.

(ii) It was necessary to establish that equal amounts of tracer 
material were deposited on substrate and plastic support film, 
since Shimizu et at. (1966) have pointed out that there may
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be differences. The experiment involved covering half the 
surface of samples of carbon, aluminium and gold with plastic 
and then coating them with the appropriate tracer elements.
%-ray intensities from the tracer recorded at various points 
across the surface were, however, the same for the plastic 
coated regions as for the uncoated parts, within the experi
mental error (standard deviation 1.5%).

Having demonstrated that the above two effects produced negligible 
error, the tracer samples were produced in the following way. Each sample 
had a tracer layer and then four different thicknesses of the matrix ele
ment deposited onto it. Hence, using the eight samples of each material, 
thirty-two different thicknesses were prepared for each matrix element.
When the tracer layer was covered with a large mass thickness of matrix 
material, the %-ray emission from the tracer became too low to be measured 
accurately. This was overcome by using a thicker tracer for measurements 
at greater depths.

During evaporations the following items associated with the measure
ment of coating thickness were included in the chamber : a quartz crystal
film thickness monitor and microscope slides, some partly masked.

4.3.3 Measurement of thickness of deposited l a y e r s The thickness of each 
tracer or matrix layer deposited onto the substrates has been measured 
in a number of ways.

(a) Film thickness monitor.-a film thickness monitor (FTM) operates on the 
principle that a quartz crystal vibrates at high frequency under the in
fluence of a small electrical current. Two crystals are used, one is 
part of the control instrumentation and has a constant frequency, the 
other is placed in the coating chamber. As material is deposited on a 
known area of the crystal the change in mass causes its frequency to change. 
The frequencies of the two crystals are compared, so that, knowing the area 
of deposited material and its density, the film thickness can be obtained 
and displayed on the meter. It is necessary to set a dial on the FTM to
the density of the material being deposited, but as this cannot be set 
accurately, it was decided to leave it at the easily reproducible position 
of 10 g cm"* and construct a calibration graph relating FTM readings to 
the true film mass thickness deposited on the samples (as measured by an
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alternative method) . Once calibrated, the FTM was used to give a con
tinuous recording of the deposition process. Furthermore, calibration 
curves enabled mass thicknesses to be determined which were too small 
to be measured accurately by other methods.

(b) Multiple beam interferometry.-The determination of coating thickness 
by multiple beam interferometry [Tolansky (1970, 1973)] was carried out 
on glass slides appropriately positioned in the coating equipment. Half 
the slide was masked and after the coating, the mask was removed to leave 
a sharp step, A layer nm) of silver was then deposited onto the
slide to give a reflective coating across the step.

A semi-silvered, optically flat, piece of glass was placed on top of
the slide, so that the plane of the glass made a small angle (6) with the
horizontal, as shown in Figure 4.7. This was illuminated from above 
with monochromatic light (A = 546.1 nm) and interference occurred between 
beams reflected from the base of the semi-silvered surface and from the 
specimen, to give fringes as shown in Figure 4.8. These are straight for 
flat surfaces, with a displacement, £, corresponding to the step height, x

The separation of the fringes, L, corresponds to changes of A/2 in
thickness between the semi-silvered surface and the sample. Hence the 
step height can be calculated from

- M
A photograph was taken of each fringe pattern, enlarged and measured using 
a travelling microscope. At least 10 measurements of Z and L were made 
on each photograph. The mean step height was then determined to an 
accuracy of about ±3% (1 SD) for steps thicker than 1,000 A.

To obtain mass thickness values from the thickness measurements given 
by this method, it was necessary to know the density of the evaporated 
material. In case the deposited material had a different density to 
that quoted for the bulk, it was determined from a plot of mass thickness 
[obtained by methods (c) and (d)] against thickness. The values obtained 
were; carbon, 2.0 g cm‘^; aluminium, 2.7 g cm*^; silicon monoxide 
2.0 g cm"^; gold, 19.3 g cm~^; and bismuth, 9.8 g cm”^.
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(c) Atomic absorption spectrometry.-Absorption flame photometry was 
performed using a Varian AA 275 spectrophotometer. In this method,
[Willard et al. (1981)], material deposited onto glass slides was dis
solved in a known amount of hydrochloric acid. Four standard solutions 
of similar concentrations to that of the unknown solution, were also made 
from the same material. Each solution was in turn introduced into a flame 
at 3000° C. At these temperatures, elements in the solution dissociate
to produce free atoms.

Light photons from a hollow cathode lamp are passed through the flame 
which excite the free atoms from the ground electronic state to an excited 
state. As they return to the ground state, emission of radiation of a 
different energy occurs and the intensity of the photons having the in
cident energy is correspondingly reduced. Measurements were made of the 
transmitted light intensity in the presence and absence of the test element 
in the flame. The ratio is proportional to the number of free atoms in
troduced into the flame, i. .e. , the concentration of atoms in the solution.
By using the standard solutions for calibration, the concentration of the 
unknown solutions was determined.

The mass thickness of the coating on the glass slide was then deter
mined from a knowledge of the area over which material was evaporated.
Tests showed that mass thickness could be measured with an accuracy of 
^±2% using this method, but it could be used only to measure the thickness 
of aluminium coatings, since cathodes made of gold or bismuth were not 
available.

(d) Weighing.-Here, the mass thickness of each coating was determined by 
weighing the glass slide before and after deposition and measuring the 
area of the slide. Using this method, mass thicknesses could be deter
mined with an accuracy of %±u.0u4 mg cm~^.

4.3.4 A"-Hay intensity measurements.-.V-ray depth distributions were measured on 
tracer samples at the following incident electron energies: 20, 25 and 29 keV
for gold; 10, 15, 20 and 25 keV for aluminium; and 5, 10 and 15 keV for carbon 
At each of these electron energies (with the exception of Al at 25 keV), ^(pz) 
curves were determined at three angles of tilt. x - 90°, 50° and 40°, 
where x is the angle between the incident electron beam and the specimen 
surface. (The isolated tracers were tilted to the same angle i as the
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tracer samples, all being positioned with an accuracy of about 1°.)

A LiF crystal was used to detect BiLa radiation and a TAP crystal 
was used to detect both SiKa and AlKa radiation. It was important 
that the crystal was set exactly at the peak maximum for the %-ray line 
being measured. This was ensured by using a stepping motor to rotate 
the crystal through the peak whilst measuring the count rate at each 
angular setting. When the maximum had been located, the spectrometer 
was reset onto the peak, a simple procedure which could be performed 
automatically with the computer-controlled microprobe. Therefore, before 
each intensity measurement, the peak maximum was relocated, in order to 
reduce possible errors from slight changes in the specimen height, although 
this precaution was largely unnecessary, since the spectrometer invariably 
returned to the same position.

The %-ray intensity measurements were corrected for Z-ray continuum.
The background level beneath a peak was obtained from linear interpolation 
between the background levels measured on either side. This was a good 
approximation, since the background was linear in the region of the measured 
peaks. For example, the aluminium Ka peak using a TAP crystal is shown 
in Figure 4.9.

For each coating thickness (at each keV and tilt angle) 15 to 30 peak 
intensity measurements, with the corresponding background measurements, 
were made at different positions on the specimen and the average of these 
taken. Counting times on one area were limited to 200 seconds to avoid 
any build up of carbon contamination. A similar number of measurements 
were made also on the isolated tracer layers at each keV and tilt angle. 
Ideally, measurements should be made alternately on coated samples and 
isolated tracers to avoid any errors due to changes in operating conditions. 
Since, however, this would involve an unnecessarily high number of measure
ments on fragile isolated tracers, measurements were made as a function 
of keV on the isolated tracers, and then referred to a more substantial pure 
element standard of the tracer material. The standard was then used to 
indicate if there were any changes in probe conditions as the specimens 
were being examined.

Since, as mentioned earlier, the intention was to obtain generated X- 
ray depth profiles, a correction was made to the Z-ray intensity measure
ments for absorption losses. Heinrich's (1966a) value was used for the
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mass absorption coefficient of bismuth La radiation in gold. The more 
recent data of Henke et al. (1982) was used for silicon Ka radiation in
aluminium and aluminium Ka radiation in carbon. The differences between 
Heinrich's and Henke's \i/p data for silicon Ka and aluminium Ka radiation 
may be seen in Table 1.

Table 1

Comparison of mass absorption coefficients for 
SiKa and AlKa radiation in aluminium and carbon

Radiation Matrix Heinrich (1966a) Henke (1982)
p/p (cm^ g-i)

SiKa Al 3493 3220

AlKa C 557 718

It should be noted that the choice of p/p value has a significant affect 
on the measured /(pz) curve, particularly for the aluminium matrix where 
absorption is large.

4.4 Microanalysis measurements on binary and ternary compounds

The new absorption correction which is developed in this research has 
been tested using a collation of microanalysis measurements from alloys of 
accurately known composition. Some such data already exists [Love et at. 
(1974b 1975, 1975)] covering a wide range of elements. However, addi
tional data were required, particularly in the light element region, and 
for this purpose a range of materials have been prepared and analysed as 
follows.

4.4.1 Specimens and preparation.-The alloys which have been studied are given 
in Table 2. They are known to be homogeneous, apart from CuAlz, which con
tained small regions of another composition which were easily identified under 
the optical microscope and avoided. To check that the specimens were stoichio
metric, where possible, the heavy elements in each sample were measured at low 
probe voltages where absorption is minimal. The mass concentrations cal
culated from the measured intensity ratios could then be compared with those 
given by stoichiometry. None of the results suggested that any of the 
samples were non-stoicliioraetric .
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Table 2

List of binary and ternary compounds studied

Specimen X-radiation measured

AI2O3 AlKd OKa -

SiOg SiKa OKa -

MgO MgKa OKa -

NiO NiKa OKa -

M0 O5 MoKa OKa -

CaZrOB ZrKa OKa -

PbMoOt PbKa OKa MoKa

MgCr2 0 i+ MgKa OKa CrKa

CaWO^ wm OKa -

MgAl2 0 i+ MgKct OKa AlKa

Cr3C2 CrKa CKa -

Sic SiKa CKa -

wc WIrx CKa -

MgFz MgKa FKa -

CaF2 - FKa -

LiF - FKa -

NaF - FKa -

BaF2 - FKa -

SrFz - FKa -

FeAlj FeKa AlKa -

CUAI2 CuKa AlKa -

NiAls NiK't AlKa -
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The specimens were mounted in copper-conducting resin and prepared 
using metallographic polishing techniques similar to those described in 
Section 4.3.1.

Since oxide, carbide and fluoride specimens have low thermal and 
electrical conductivities (causing them to become charged under the electron 
beam), it was necessary to evaporate a conducting layer onto their surface 
prior to microanalysis. Carbon, aluminium and copper are common coating 
materials, usually a layer 100 to 200 A thick is deposited [Heinrich (1981)].
In the present investigation it was decided to use copper (^dOO A), because 
copper combines good thermal and electrical conductivity with ease of de
position. The coating reduces the X-ray emission from the specimens, so to 
prevent errors in quantitative analysis, specimens and standards were coated 
simultaneously. Methods of coating production and measurement have already 
been described in Sections 4.3,2 and 4.3.3.

When measuring the heavy elements in these samples, pure element standards 
were used, but when measuring oxygen and fluorine, standards had to be chosen 
from the range of oxides and fluorides available. When choosing a standard, 
certain features were considered desirable. Firstly, the sample should be 
large, so that there are plenty of uncontaminated areas available even after 
prolonged analysis. Secondly, the sample should have a fairly high con
centration of oxygen or fluorine and a low mass absorption coefficient, thus 
minimising errors in the measurement of the standard X-ray intensity. Taking 
these factors into consideration it was decided to use AI2O 3 as the oxide 
standard and LiF as the fluorine standard. A diamond standard was used 
for the carbide analysis.

4.4.2 X-Ray intensity measurements.-Considerable care had to be exercised in 
positioning specimens normal to the electron beam, since only small amounts 
of specimen tilt could introduce significant errors when dealing with samples 
having large absorption effects. For example, it was estimated that a tilt 
of 1 ° could introduce a change of '̂ 3̂% in the value of /(X) calculated when 
analysing Si0 2 at 25 keV and 4U° taken off angle. Consequently, specimens 
and standards were mounted together wherever possible, so that any small 
misalignment would be the same for both specimen and standard and errors 
would be minimised.
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Many of the samples used in this investigation were single crystals and 
in such samples their orientation to the electron beam could affect the 
X-ray emission as a result of electron and photon channelling [Borovskii 
(1972)]. These effects are, however, extremely sensitive to specimen 
orientation, and a tilt of 1' or so removes them entirely [Love (1975)]. 
Furthermore, electron channelling is less apparent in samples possessing 
a disturbed surface layer created by mechanical polishing [Love (1975)], 
indicating that they can be safely ignored in the present work. Polorisa- 
tion phenomena, described by Borovskii (1972) can be a serious source of 
error when specimens of large crystallite size are used, particularly when 
the crystal symmetry is non-cubic. This effect may, however, be ignored 
in the present work since Love (1975) showed the effect to be insignificant 
in his work on oxides , also since most of the fluoride specimens are of 
cubic symmetry and the carbides are in powder form.

The magnitude of the specimen current used in this investigation was 
limited by both the thermal and electrical conductivities of the coated 
specimens. The current was always kept well below the level at which 
charging up effects, such as instability of the specimen current, became 
obvious, i-.e., currents of 0,5 x 10“  ̂ to 1.0 x 10"^ A were suitable.

A defocused probe of 0,40 pm diameter was used for the majority of 
analyses, in order to spread the heating effects of the beam over a wider 
area and to reduce the possibility of damaging the copper coating. A 
focused probe was used for a few samples having very small surface areas.

To avoid any errors due to carbon contamination, the length of time 
spent analysing any one area of a specimen was limited. Using the cold 
finger and a current of 1.0 x 10“ A, there was no observable increase in 
carbon K emission from a WC specimen over a four minute period. (This 
applied for both a focused probe and a spot size of %40 pm) . It was 
therefore decided that this should be the maximum length of time to be spent 
on a single measurement.

When analysing the heavy elements in these samples, peak height 
measurements were used, as described in Section 4.3.4. The fluorine Kq, line 
was measured using a TAP crystal employing a pulse height discriminator to 
remove any interference from other X-ray lines. This crystal is able to 
resolve changes due to bonding effects (see Section 1.1.1) , both in peak 
position and peak shape. Fluorine X-ray peak shapes from some of the
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fluorides used in this investigation are shown in Figure 4.10. Integrated 
peak intensities were used instead of peak height measurements, since the 
changes in peak shape and position could introduce errors in specimen to 
standard intensity ratios if the latter method was employed. Integrated peaks 
were obtained by programming the computer to rotate the crystal through 
the peak maximum. This was done in 50 steps, from A to B in Figure 4.10.
At each crystal position, the X-ray intensity was measured for 2 seconds 
and the total counts displayed on a digital counter. The background was 
measured by counting for 50 seconds at points C and D shown in Figure 4.10, 
the sum of these two values being subtracted from the integrated peak meas
urements. At least eight measurements were taken on each specimen; a 
fresh area of sample being used for every measurement. Measurements 
were taken alternately on specimen and standard.

A STE crystal was used to measure the oxygen Ka line from most of the
oxides. A LAO crystal was, however, used for the MgCr2 0  ̂ sample, since this 
has better resolution and hence separates the oxygen peak further from the
Cr, La and l3 peaks. Although the resolution of these crystals is not as
good as that of TAP, significant differences (almost 4% relative) were 
found between intensity ratios obtained from peak height measurements and 
those obtained by integrating peak intensities. Therefore integrated peak 
intensities were used, these being obtained in the way described above.
For the carbon analysis, integrated peak intensities were measured using 
a STE crystal.

Measurements were made on each sample listed in Table 2 at a range of 
incident electron energies from 5 to 35 keV.
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CHAPTER 5

Development of a New Absorption Correction

In this section a new absorption correction is developed for specimen 
geometries with the electron beam incident normally on the target surface. 
The extension of this model to include specimens inclined to the beam 
direction is discussed in Chapter 7,

5. 1 The Quadrilateral Model

The new absorption correction is based upon representing the %-ray 
depth distribution [5Ẑ (pz) curve] by a quadrilateral, as shown in Figure 5.1 
This shape can be defined by the points A, B and C. Point A is defined 
by the co-ordinates (0, ^(0)). B is given by the maximum value of ẑ̂ (pz), 
i.e., îz((pẑ ) and by the corresponding mass depth, pẑ .̂ C is close to 
the %-ray range in the target and is given by (pz^,0) . Whilst the posi
tions of points A and B are easily located on ^(pz) curves, this cannot 
be said of C, because of the long tail which occurs, particularly for high 
atomic number elements. Moreover, in this form, the quadrilateral model 
does not contain a term representing the mean depth of %-ray generation, 
pz, and as discussed earlier (Scott and Love, 1983, see Section 2.3.2), 
the inclusion of this parameter is essential, since it largely controls the 
magnitude of the absorption correction when fix) >0.7. Both of these 
problems are overcome by positioning pz^ such that the mean depth of the 
quadrilateral shape is equal to that given by the true #(pz) curve. For 
the quadrilateral profile, pz may be obtained in the following way:

Between A and B, ^(pz) is written as rn̂ pz + c^ and, between C and D, 
as mgpz + 0 2 , where m^, m2 , C]_ and 0 2 are expressed:

ĝ ipz ) - <̂ {0)
mi =     , Cl = 0 (0 )

P^m

?i(pzj
mp -   and 02 = -mwpz

P=m - P=n
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Now pz is defined as

J  9̂ (p z ). p z. dp z 
0

rI çz((pz)dpz 
0

Therefore, substituting for ^(pz) into the above equation gives:

pz -

r PZn
[ci + mipzj.pz.dpz + I [mzpz + c^Jpz.dpz

PZr
pz

Û . 5 tçz((pẑ )pẑ  T ^iO)pz^]

1 (P=m^ + KP%n^ + Kpz^pzm)

 ̂ (pzm + Pz^K)

where K = ^^pz^) Hence if pz is set equal to that given by the
true 0(pz) profile, pz^ may be obtained from the above equation.

The absorption factor /(X) is then obtained from the quadrilateral 
shape by substituting for # (p z )  in

/ ç^(px)  . e x p ( - X p z )  . d p z

/ ( X )  = -
fj çz^(pz)dpz
0

Hence



-  D û  -

f ( X )  =

rPZm r  P%n
2| ( m i p z + C i ) e x p ( - X p z ) d p z  + 2 /  (m2 p z + c 2 ) e x p ( - X p z ) d p z

0 pzm

^ (pZm)pZn + (0 ) pzi

(pẑ -pzjjj) (pZm+KpZn)pZmX'

-X'Ç2-fr\ -XpZm
e (pZn-KpZn-pzm) + pzmKe

+ X(pzjnpzn - pZm^) ~ (pZn-pz ) + K(pzn-pZm) ( 5 . 1 )

In order to evaluate /(X), expressions are needed for p z ,  p z ^  and K 
which describe their variation with atomic number, electron energy and 
overvoltage ratio. Such equations can be derived using / ( p z )  data from 
tracer experiments and from Monte Carlo calculations, but before doing this 
it is necessary to establish that the quadrilateral shape itself does not 
introduce significant errors into the absorption correction. To test this, 
it will be assumed that all three parameters ( p z ,  p Zĵ  and K) can be 
defined exactly. This is easily achieved by selecting values which fit 
a particular /(pz) curve. The Monte Carlo curve for aluminium K radiation 
at 20 keV shown in Figure 5.1 has been used for the purpose of evaluation, 
although any representative / ( p z )  profile would be suitable. Values for 
fix) obtained using the quadrilateral model, f(X)mod/ are compared with 
those obtained from the Monte Carlo / ( p z )  curve, fiX)^^, for a range of 
X values between 100 and 10,000. In Figure 5.2, the results are plotted
as f(X)mod/f(X)Mc against /(x)^^. When the ratio of the /(X) values is
unity, the quadrilateral model may be judged to be performing perfectly.
Also shown for the purposes of comparison, are equivalent results ob
tained using the simplified Philibert and Love-Scott ( 1 9 7 8 )  absorption 
models (both of which have been adjusted to give a mean depth of X-ray 
generation which matches that of the Monte Carlo curve). It is evident 
that the quadrilateral model gives by far the best /(X) data; even when 
absorption is very high [/(x)= d.OS] it gives accurate results, ï.e.,
/ (X)mod//(X)mc is unity. There are, however, errors of 5% relative for 
the simplified Philibert model when fiX) is 0.57 and the error increases
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further as absorption increases. Compared with the simplified Philibert method, 
the performance of the Love-Scott model is better; a 5% error not beinq reached 
until /(X) = 0.2. These results demonstrate that a quadrilateral profile 
is adequate to describe the /(pz) curve with the necessary degree of 
accuracy and should provide an improvement over the other two absorption 
correction models.

At this stage it is also useful to determine the accuracy with which 
each of the parameters needs to be defined. Figure 5.3a illustrates the 
effect of a 10% error in the value of pz on the aluminium data at 20 keV. 
There are now 5% errors in the absorption correction at /"(X) = 0.5,
showing that an expression for pz must represent the mean depth with the 
utmost accuracy. In Figures 5.3b and 5.3c the effect of 10% errors in K and 
pz^ are shown. Clearly, the quadrilateral model is much less sensitive 
to errors in the latter parameters and the performance is not seriously 
degraded, provided that they can be specified to within 1 0% of the true 
values.

5.2 Monte Carlo results

The accuracy of a Monte Carlo model is influenced by statistical 
effects since random numbers are employed to compute scattering and azi
muthal angles (Section 4.2). In the Monte Carlo model used in this work, 
(Love et at., 1977) random numbers are obtained using the computer's 
"RND" function. The RND function returns a number from a predictable 
series of numbers that seem unrelated (a pseudo-random series). Each 
time the program is run, the RND function starts from the beginning of 
the series unless a "Randomize" statement is employed. This starts 
the RND function at a new, unpredictable location in the series (based 
on the current time of day). Therefore, by employing the Randomize 
statement, the statistical accuracy of the /(pz) curves may be estimated.
Ten /(pz) curves were produced for carbon at 15 keV using 7000 electron 
trajectories in each. From the curves, values of pz, K and pz^ were 
obtained. The standard deviation, a, for each parameter was calculated 
from

J :  -  -

0 • 5

( 5 . 2 )
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where n is the number of measurements, i.e., 1 0 , and x^ is the parameter
value. The standard deviation was calculated to be ±0.3%, ±1.8% and 
±3.0% for pz, K and prespectively, which is perfectly adequate consider
ing the accuracy with which it is necessary to define these parameters 
(Section 5.1). The standard deviations, however, do not take into 
account errors which may be produced by uncertainties in the formulae 
incorporated into the Monte Carlo model. These errors can only be checked 
by comparing data calculated from the model with experimental values. As 
mentioned in Section 4.2, Love et at. (1977) found that there was close 
agreement between Monte Carlo and experimental measurements of back- 
scattered electron energy distributions and satisfactory agreement with 
available ^(pz) curves.

%-Ray depth distributions have been calculated for a wide range of 
elements and conditions in order to establish the variation in pz^ and K 
as a function of Z, Eg and Uq . The values of K, pz, and p o b t a i n e d  from
the curves are given in Table 3. The effect of variations in Ug upon the 
çz((pz) curve is demonstrated in Figure 5.4. All three curves were obtained 
for an aluminium target with an incident electron energy of 10 keV, and 
since in Monte Carlo calculations any hypothetical value of E^ may be used, 
values of 0.2, 0.59 and 2 keV were used. It can be seen that as Uq in
creases, 0 (0 ) and 0 (pzm) increase (by differing amounts) and pz^ moves 
to deeper mass depths. In Figure 5.5 the effect of atomic number on the 
0(pz) curve is illustrated. Each curve was obtained for Eq = 10 keV and 
Ec = 4 keV. These curves show that for heavier elements 0(0) and ç6{pẑ ) 
increase and pz^ moves closer to the sample surface.

5.3 Tracer experiment results

Accuracy of measurement.-The standard deviation, a, for each measure
ment may be calculated from equation (5.2), where n is the number of readings 
and x± is the %-ray intensity after background subtraction. The standard 
deviation OrpQrp for each value of 0 (pz) is obtained from the standard de
viation from the isolated tracer measurements Orp and the sample measure
ments Og, using the equation



é 1

Tabl e 3

Element
Incident 
Electron 
Energy
(Eo keV)

Data from Monte Carlo ^ (b z ) curves at normal incidence

'’"m
10 g cm )

2 f m

P7
Cri tical 
Excitation 

Energy
(Ê  k e V )

«5(0) , 5 ( . z ^ )  K

«5 (o ẑ ) 
= é (ü) pz

( X 1 0 g cm  ̂) ( X

C 5 1 .559 1.10 1.72 1 .56 0.229 0 .  195 0.8510 1 .559 1.16 2.03 1 .75 0.90 0.72 0.8015 1 .559 1.18 2.16 1.83 1.93 1.70 0. 88
Al 10 1 . 8 3 8 1 . 30 2. 36 1 .81 0 . 89 0.60 0.67

15 1 .838 1 . 33 2.52 1 . 89 1 . 91 1 .40 0.7 3
20 1 . 838 1 . 35 2.63 1 . 95 3.27 2.50 0.7625 1 . 838 1 . 42 2 . 82 1 . 99 4.93 3.50 0.71

Au 20 1 3.42 4 1.43 2. 37 1 .65 1 .83 0. 90 0. 49
25 1 3. 424 1 .57 2. 84 1 . 81 3. 15 1 .29 0.41
29 13.424 1 .69 3.03 1 .79 4. 29 1 . 80 0. 42

C 10 5.555 1 .05 1 .25 1.19 0.57 0.40 0.70
10 4 . 000 1.08 1 .52 1.41 0.71 0.58 0. 82
10 2.000 1.14 1 . 96 1.72 0. 85 0.70 0. 82
10 0.588 1 .22 2 .46 2.02 0. 97 0. 84 0. 87
10 0. 400 1.24 2.59 2.10 0. 98 0. 86 0. 88
10 0. 200 1 .26 2.76 2.19 1 . 00 0.89 0. 89
30 16.667 1-04 1 .25 1 .20 4.17 3.4 0 . 82
30 12.000 1.08 1 .52 1.41 5.18 4.2 0.81
30 1 .765 1 . 1 9 2. 42 2.03 7.02 6.0 0.85
30 1 .200 1 . 20 2.53 2. 10 7.17 6.2 0.86
30 0. 600 1 .22 2.68 2. 20 7. 37 6.4 0.87

Al 1 0 5.555 1.10 1 .50 1 . 36 0.61 0.42 0.69
10 4 .000 1.18 1 . 80 1 .53 0.74 0. 48 0. 65
10 2 .000 1 . 30 2 . 30 1 .76 0.88 0.57 0.65
10 0.588 1 . 42 2.91 2.05 0 .97 0.72 0.74
10 0. 400 1.43 3.04 2.13 0.99 0.74 0.75
10 0. 200 1 . 47 3.28 2.23 1 .00 0.74 0.74
20 1 . 560 1 . 36 2.70 1 . 98 3.31 2. 40 0.73
30 1 6 . 6 6 7 1 .09 1 . 48 1 . 36 4. 34 3.10 0.71
30 12.000 1.16 1 . 80 1 .55 5.27 3.60 0.68
30 6.000 1 . 27 2.26 1.79 6.18 4.4 0.71
30 1 .765 1 . 37 2. 84 2. 07 6. 91 5.0 0.72
30 1 . 200 1 . 39 2 . 98 2.14 7.02 5.2 0.7 4
30 0. 600 1 . 42 3.19 2.24 7.18 5 . 4 0.75

Cu 10 8.000 1.08 1 . 30 1.21 n. 388 0.23 0.59
10 5. 555 1 . 27 1 . 99 1 .56 0.63 0. 35 0. 56
10 4.000 1 . 40 2 . 38 1 .70 0.74 0. 38 0.51
10 2 . 000 1 .57 2 . 99 1 . 90 0. 86 0. 45 0.52
10 0.588 1 .70 3.64 2.14 0. 97 0.50 0.52
10 0. 400 1 .7 3 3. 80 2.20 0.97 0.52 0.54
10 0. 200 1 .78 4.02 2. 26 0. 99 0.54 0.54
42 . 3 9. 660 1 .53 2.79 1.83 1 .05 0.57 0.55
30 24.000 1.06 1 . 26 1.19 2.54 1 .6 0.63
30 16.667 1 .26 1 . 94 1 .55 4.22 2.3 0.55
30 12.000 1 . 39 2. 31 1 .67 4. 98 2 . 4 0.48
30 6.000 1 .55 2. 85 1 .84 5.80 3.0 0.52
30 1 .765 1 .68 3. 48 2.07 6. 43 3.4 0.53
30 1 . 200 1 .70 3. 66 2.16 6. 50 3.5 0.54
30 0. 600 1.74 3. 84 2.21 6.70 3.6 0.54

Ag 10 5.555 1.45 2 . 36 1.63 0.63 0. 32 0.51
10 4.000 1.59 2.78 1 .74 0.73 0. 36 0.49
10 2.000 1.77 3. 40 1 .92 0.85 0. 39 0.46
10 0. 588 1 . 91 4.06 2.13 0.96 0. 44 0. 46
10 0. 400 1.91 4.23 2.21 0.98 0.47 0.48
10 0.200 1 . 96 4. 46 2.27 0.99 0.47 0. 47
30 16.667 1 . 46 2. 33 1 . 60 3. 99 2.1 0.53
30 12.000 1 .61 2.78 1.72 4.65 2.3 0.49
30 1 .765 1 .94 4.11 2.12 5.95 2.8 0 . 47
30 1 .200 1. 96 4.26 2. 17 6.06 2.9 0.48
30 0. 600 1 . 99 4.52 2.27 6.2* 3.0 0. 48

Au 10 8.000 1.24 1 .84 1 . 49 0.46 0.20 0. 43
10 5.555 1.54 2.66 1.7 3 0.70 0. 30 0.43
10 4.000 1.71 3.13 1 .83 0.81 0. 36 0.44
10 2 .000 1 .89 3.78 2.00 0.93 0.40 0.43
10 0 . 588 2.01 4.53 2 . 25 1.04 0.50 0.48
10 0. 400 2.04 4.68 2. 30 1 .06 0.50 0. 47
19 0.200 2.06 4. 84 2. 35 1 .08 0.50 0.46
30 24.000 1 . 26 1 .84 1 . 46 2.70 1 . 4 0.52
30 16.667 1.59 2.74 1.72 4.14 1.7 0.41
30 12.000 1 .75 3. 1 9 1 .82 4.82 1.8 0. 37
30 6.000 1 . 90 3.77 1 . 98 5.47 2.3 0.42
30 3.000 1 . 98 4.20 2.12 5.88 2.5 0.43
30 1 .200 2.04 4.60 2.26 6.19 2.9 0. 47
30 0. 600 2.06 4.84 2. 35 6. 34 3.1 0.49



3-0-

20

0*2keV

0-59 keV

10 -

2keV

0-1 0-2 03

Fig. 5.4 Monte Carlo x-ray depth distributions for 

Aluminium at lOkeV and normal incidence.



3 0

Cu

2 O'

1 0 -

0-20-1

Fig-5.5 Monte Carlo x-ray depth distributions.

Eo = 10keV. Ec=4keV. Normal incidence



- 62 -

where S and T are the average intensity measurements from the sample and 
isolated tracer respectively. The standard deviation O-Yor 0(pz) 
varied from system to system and also with keV, tilt angle and the depth 
of the tracer. Generally OrpQrp was of the order of 'x>±3% for normal in
cidence and slightly more for tilted geometries. At large mass depths 
ton the tail of each ^ipz) curve], where absorption effects were high and 
peak to background ratios very low, increased to ^15%.

A number of tracer layers of increasing thicknesses were used for each 
system to obtain ^{pz) data. (This inproved the accuracy of measurements 
at large mass depths.) However, it was not easy to compare the results 
obtained with different tracer thicknesses. Castaing and Descamps (1955) 
pointed out that the unit of intensity in ç̂ (pz) curves was chosen to give 
absolute significance to the measurements; unit emission being obtained 
when all the electrons travel in the isolated tracer a definite distance 
dpz, equal to the mass thickness of that layer. This happens automatically 
in the case of a thin isolated layer, normal to the electron beam. On the 
other hand, in a thick tracer, diffusion of the electron beam takes place, 
so that the path of the electrons is on average slightly greater than the 
thickness of the layer. The effect is to reduce those parts of the d^pz) 
curve obtained with thicker tracer layers, as shown in Figure 5.6. (This 
curve is for aluminium at 15 keV and normal incidence.)

The absolute value of the vertical scale of d(pz) curves does not 
affect fix), K, pZĵ  or pz. Therefore, in the present work, it would be 
acceptable to scale the sections of the d(pz) curve to the height given by 
any of the tracers. Nevertheless, in order that the d(pz) distributions 
may be more readily compared with present Monte Carlo calculations and data 
given by other authors, they have been normalised to the X-ray emission 
estimated for an ultra thin tracer. This has been achieved by plotting the 
value of d(pz) at a given pz, obtained with each tracer thickness (Apz) 
against Apz, as shown in Figure 5.7. Then, assuming a linear relationship, 
the value of d(pz) for an infinitely thin tracer (causing no electron 
diffusion) is obtained by extrapolating to Apz equal to zero. The sections 
of the d(pz) curve are then scaled to this height. Values of the scaling 
factors for each tracer thickness, calculated in this way, are given in 
Table 4.
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The ^(pz) data for carbon, aluminium and gold matrices at various 
electron energies are shown in Tables 5-7. As mentioned in Section 2.2,2, 
the measured %-ray intensity at each depth is a combination of the intensity 
produced directly by electrons and also by fluorescence by the continuum. 
Since continuum fluorescence decreases rapidly with decreasing atomic number, 
its effect on the çẑ (pz) curves for carbon and aluminium may be neglected.
The gold data, however, have been corrected (as described in Appendix A) to 
remove the affect of continuum fluorescence. Values of K, pz^ and pz have
been obtained from the tracer ^(pz) curves and are given in Table 8.

A direct comparison between present and previous tracer results can be 
made for aluminium at 10 keV using the data of Parobek (1975) and for gold 
at 29 keV using the data of Castaing and Descamps (1955). Parobek employed 
Heinrich's (1966a) mass absorption coefficient to obtain the generated depth 
distribution in aluminium. The choice of p/p value will alter the shape 
of the curve (Section 4.3.4), therefore Parobek's original data have been 
adjusted using Henke et at. 's (1982) value of p/p since (a) Henke's data are 
considered more reliable (Section 6.2.3) and (b) this allows Parobek's /(pz) 
curve to be compared directly with the new results in which Henke's p/p
value was used. The two curves for aluminium are shown in Figure 5.8. In
general, the agreement between the two curves is very good. Values of 
/(pzĵ ) and K from both curves are within 3%, values of /(Q) within 5% and 
values of pz within 5%. The curves agree well at large mass depths, al
though Parobek's curve has a slightly shorter tail. One reason for this 
could be that the %-ray emission from Parobek's tracer may have been too low 
to be measured accurately at large mass depths, since a tracer thickness 
of only 0.004 mg cm“  ̂ was used for all his measurements. The major dif
ference between the curves is the mass depth at which the peak occurs, 
pz^ for Parobek’s distribution being h»50% lower than that of the present 
investigation. The cause of such a difference has not been determined, 
but fortunately the performance of the quadrilateral model is not very 
sensitive to this parameter (Section 5.1).

The /(pz) curve for gold, obtained by Castaing and Descamps is compared 
with the data from the present investigation in Figure 5.9. Castaing's 
curve was for non-normal incidence of the electron beam (t = 80°) , but 
this, however, should not affect the curve a great deal, and in fact, the 
agreement between the curves may be seen to be excellent.



- 65 -

TABLE 5.

/(pz) results from carbon (aluminium tracer) Normal incidence

Tracer
thickness
Apz mgcm ^

Carbon
thickness

—2pz mgcm

pz + Apz 

-2 2mgcm 15 keV

/ (pz)

10 keV 5 keV

0.001 0.000 0.001 1 .08 1.13 1.13
0.008 0.009 1.15 1.22 1 .20

0.002 0.000 0.001 1 .12 1.13 1.12
tl 0.002 0.003 - - 1.15
II 0.003 0.004 - - 1.19
fl 0.011 0.012 1.19 1 .27 1 .22
it 0.019 0.020 1.23 1.34 1.13

0.029 0.030 1 . 30 1.44 0.85
• « 0.029 0.030 1 .29 1.44 0.82
M 0.038 0.039 1.34 1 .50 0.48

0.049 0.050 1.42 1 .56 0.27
0.069 0.070 1 .52 1.58 0.03
0.069 0.070 1 .44 1 .58 0.01
0.082 0.083 1.57 1 .55 -

If 0.093 0.094 1 .60 1.50 -
ff 0.104 0.105 1 .64 1.40 -
II 0.124 0.125 1 .71 - -
II 0.1 37 0.138 1.71 1 .03 -
II 0.156 0.157 1 .74 - -
II 0.156 0.157 1.76 - -
II 0.178 0.179 1.74 0.58 -
II 0.196 0.197 1 .70 0.38 -
If 0.230 0.231 1.59 0.15 -
II 0.259 0.260 1.41 0.05 -
II 0.310 0.311 1.13 - -

0.361 0.362 0.81 - -
0.390 0.391 0.55 - -
0.433 0.434 0. 35 - -
0.479 0.480 0.13 - -

0.00 3 0.000 0.002 1.11 1 .14 1 . 15
0.008 0.010 1 .20 1 .24 1.19
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TABLE 6

/(pz) results from aluminium (silicon monoxide tracer! 

- Normal incidence

T ra c e r
t h ic k n e s s
. — 2 Apz mgcm

Aluminium
t h ic k n e s s

- 2
pz mgcm

pz + Apz 

-2^mgcm 25keV

/  (pz ) 

20keV ISkeV lOkeV

0 .004 0 . 0 0 0 0.002 1.32 1 .34 1 .28 1 .26
0.005 0.007 1.33 1.35 1.34 1.37

0 . 0 1 2 0 . 0 0 0 0.006 1.33 1.34 1.33 1.34
0.014 0.020 - - 1 .52 1.56
0.0 2 3 0.029 1.52 1 .60 - 1 .70
0.028 0.034 - - - 1.72
0.051 0.057 1 .67 1 .75 1.86 1.86
0.054 0.060 - - - 1 . 8 6

II 0.065 0.071 - - - 1 .74
II 0.075 0.081 - - - 1.72

0.097 0.103 1 . 8 6 1.95 2.06 1.55
0.147 0.153 2.04 2.20 2 . 1 0 0.97
0.147 0.153 2.04 2.14 2.05 0.96
0.195 0.200 2.28 2.35 1.94 0.44
0.267 0.273 2.46 2.39 1.58 0.09

II 0 . 2 9 8 0.304 2.47 2.27 1 .21 -
II 0.312 0.318 2.47 2.27 1.14 -
II 0.401 0.407 2.40 1 .78 0.49 -

0 . 4 8 9 0.495 2.23 1.49 - -
0.592 0.598 1.86 - - -

0.043 0.000 0.022 1 .50 1 .54 1.55 1.61
II 0 . 0 1 0 0.032 1.52 1 .60 1.66 1 .73
II 0.401 0.423 - - 0.43 -
II 0.495 0.517 - 1.34 0.16 -
II 0.592 0.614 1 .78 1 . 0 2 0.02 -
II 0 . 7 3 8 0.760 1 .44 0.33 - -
II 0 . 7 3 8 0.760 1.31 0.37 - -

0 . 8 5 5 0.877 1.05 0.25 - -
1 . 0 0 1 1 .023 0.65 - - -
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TABLE 7

/(pz) results from gold (bismuth tracer) Normal incidence

Tracer
thickness
Apz mgcm ^

Gold
thickness

—2pz mgcm

pz + Apz 
—2mgcm 29 keV

/(pz) 

25 keV 20 keV

0.009 0.000 0.005 1.60 1.58 1.41
0.014 0.019 1.74 1.66 1.45

0.030 0.000 0.015 1.71 1.63 1.44
« 0.035 0.050 - - -
II 0.071 0.086 2.07 1.90 1.50
II 0.110 0.125 - 1.90 1.44

0.149 0.164 2.22 1.88 1.34
0.220 0.235 2.13 1.72 0.99
0.220 0.235 2.21 1.81 1.03
0.398 0.313 2.04 1.52 0.73
0.391 0.406 1.80 1.26 0.51
0.460 0.475 1.57 1.01 0.34
0.460 0.475 1.51 - -
0.597 0.612 1.16 0.68 0.16
0.800 0.815 0.79 0.38 0.06
0.939 0.95,4 0.55 0.23 0.03

0.110 0.000 0.055 1.98 1.82 1.50
0.169 0.224 2.15 1.76 1.05
0.798 0.853 0.71 0.33 0.02
1.200 1.255 0.26 0.08 -
1.601 1.656 0.07 - —
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It has only been possible to compare two ^(pz) curves from the present 
investigation with curves by other authors. The good agreement generally 
obtained, however, suggests that the present distributions are reliable and 
therefore may be used in the development of the guadrilateral model.

A comparison of the present tracer data with Monte Carlo data is shown 
in Figure 5.10 for aluminium at two overvoltages. At the higher over
voltage, Figure 5.10a, the agreement between the Monte Carlo and tracer 
curves is good. At the lower overvoltage, Figure 5.10b, the curves agree 
less well, the Monte Carlo curve having a shorter tail and being more strongly 
peaked than the tracer curve. When values of 0(0), K, p z^ and ^  are 
obtained from the two curves at the lower overvoltage, it may be seen that 
the main differences are in the values of K and pz^. The Monte Carlo 
profile has values of K and p ẑ  ̂which are^'t20 %£higher than those of the 
tracer curve, whereas the 0(0) and pz values are within 8 % and 5% res
pectively of the tracer values. The same general trends are also seen 
when comparing tracer and Monte Carlo data from carbon and gold, i.e., at 
lower overvoltages, K and the ratio pz^/pz are substantially higher for the 
Monte Carlo data than for the tracer data, but at higher overvoltages the 
curves agree better.

The discrepancy between Monte Carlo and tracer data at low Uq is 
probably due to the form of the ionisation cross-section (Q) used in the 
Monte Carlo model (Section 4.2). Referring to Figure 1.9 it may be seen 
that at low overvoltages, Q varies rapidly with Uq . Hence the Monte Carlo 
model is very sensitive to the exact form of Q at low Uq , but less sensi
tive at high overvoltages. Therefore it seems reasonable in the develop
ment of the quadrilateral model to rely upon the tracer data at low Uq , 
but at very high overvoltages, where tracer measurements have not been 
made, to rely upon the Monte Carlo data.

5.4 Derivation of Expressions for Parameters used in Quadrilateral Model

5.4.1 Expression for K.-Since 0(0) and 0(pz^) are both dependent on over
voltage ratio, Uo, it was decided to derive an expression for K[=0 (pzm)/
0(0)] in terms of Uq . Figures 5.11-5.14 show K plotted as a function of 
U q for carbon, aluminium, copper and gold. These data were obtained from 
both Monte Carlo calculations and tracer measurements (the tracer data for
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copper is from Castaing and Descamps 1955 and Shinoda, 1966) . It may be 
seen from Figures 5.11-5.14 that at low overvoltages the Monte Carlo 
model overestimates K, compared with the tracer results, but at higher 
overvoltages the agreement between Monte Carlo and tracer data improves.

The data for gold (Figure 5.14) show that K tends to unity at Uq = 1. 
This is to be expected, since when Uq is close to 1, there is virtually 
no peak in the ^(pz) curve, therefore ^^pz^) is effectively equal to ^(0 ). 
Also, from the gold data it can be seen that K rises steeply at low over
voltages until a limiting value is reached at = 15 and is constant at
higher overvoltages. The Monte Carlo data show that K is not dependent 
on Eo , since the data are well represented by a single curve, irrespective
of electron energy. The data in Figures 5.11-5.13 for carbon, aluminium
and copper show similar trends with Uq , but vary with atomic number. The 
limiting value is higher for heavier elements and the initial gradient 
is steeper. An exponential formula for K rising to a limiting value at 
high Uo will therefore be suitable to represent the data in Figures 5.11-
5.14. Such a formula is shown below;

K = ai - azexpfagUo (5.3)

where a% is the limiting value of K, a 3 and at* determine the initial 
gradient and how soon the limiting value is reached and &2 is set such that 
at Uq — 1, K — 1 .

The limiting value of K was found to vary linearly with atomic number, 
as shown in Figure 5.15. From this plot, the equation for a^, shown below,
was obtained:

ai = 2.2 + 1.88 X 10“  ̂Z

In order to derive expressions for a£ , a 3 and a^, equation (5.3) was re
arranged to give :

a.
ln(ai - K) = Infag) +a 3 .Uo (5.4)

For each element a number of values of a^ were tried to obtain a
a,linear relationship when In (ai - K) was plotted against Uq . (Values of 

K were taken from suitable curves drawn through the tracer data at low Uq ,



o00

o(O

N

o

oM

0>
I3
C

(Q

g(0k.s
■&

CO

0
1  
(0 >
O)c

Q.
2
O

10T:
10

.P
U.

? o
0)

îl



1 -

gradually reaching the Monte Carlo data at higher overvoltages.) It was 
found that a^ = 1.14, 1.00, 0.80 and 0.60 gave linear plots for the carbon,
aluminium, copper and gold data respectively (see Figure 5.16). The 
gradient of each plot in Figure 5.16 gives the value of a g for that element 
and the intercept gives ln(ag) [equation (5.4)]. It was established that a 
linear relationship existed between aif and the backscatter coefficient, n, 
for a particular element, as shown in Figure 5.17. From this plot the 
following equation for aî was obtained:

ait = 1.23 - 1 .25 n

A linear relationship also exists between a3 and atomic number (Figure 5.18), 
hence :

as = -0.01 - 7.19 X 10-3 2 .

By setting Uq = 1 and K = 1 in equation (5.3), an expression for a2 was 
derived :

a2 = ( a i  -  l ) / e x p ( a g )

Using the formulae which have been derived for a^, a2 , a3 and a^, curves 
of K versus Uq have been obtained from equation (5.3) and are compared 
with the Monte Carlo and tracer experiment data in Figures 5.11 - 5.14.
It can be seen that the curves represent the tracer data at low U q with 
sufficient accuracy (±10%, see Section 5.1) and also have the correct 
limiting behaviour at high Uq •

5.4.2 Expression for pzm.-The mass depth at which the peak of the ^(pz) 
distribution occurs has been related to the mean depth of %-ray generation 
in order to take advantage of the scaling properties of 52̂ (pz) curves 
(Bishop, 1974). In Figures 5.19-5.23 graphs are plotted of pzjjj/pz 
versus Uq for carbon, aluminium, copper, silver and gold, using the Monte 
Carlo and tracer experiment data given in Tables 3 and 8 respectively.
The data show that pz^/pz is fairly insensitive to Eq and may be expressed 
as a function of Uo .
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At low overvoltages, p moves to smaller mass depths and it becomes 
increasingly difficult to determine pZĵ  precisely. The amount of un
certainty in pzĵ  is similar for both the Monte Carlo and tracer experiment 
data, although in the interests of clarity error bars have been omitted 
from the Monte Carlo results in Figures 5.19-5.23. From these graphs it 
can be seen that at low overvoltages there is some divergence between the 
Monte Carlo and tracer results, but at higher overvoltages they are in 
agreement. Therefore it was decided that the data for carbon, aluminium, 
copper and gold should be represented by the curves shown (Figures 5.19, 
5.20, 5.21, 5.23), which are weighted towards the tracer results at low 
overvoltages. The curves were not constrained to go through the tracer 
data at very low overvoltages, in view of the magnitude of the errors in 
both Monte Carlo and tracer data here and because the performance of the 
quadrilateral model has been shown to be fairly insensitive to pz^/pz 
(Section 5.1). The curves in Figures 5.19, 5.20, 5.21, 5.23 all have 
similar shapes; for Uq > '̂ 10, pz^pz is constant, for Uo < '̂ lO there is 
a decrease in pz^/pz. In the absence of reliable tracer data for silver, 
a line was drawn through the Monte Carlo data, although there is no reason 
to suppose that the curve for silver should have a different shape from 
those of the other elements.

Values of pz^/pz obtained from the curves in Figures 5.19-5.23 at 
Uq = 2, 5, 10, 20 and 30 indicated that at each overvoltage a linear
relationship existed between pz^/pz and z~°'  ̂ (see Figure 5.24). The 
intercept for each line in Figure 5.24 is equal to 0.29, therefore an 
expression may be written for pz^/pz of the form:

pz /pz = 0.29 + bi.Z-0 . 5m

where b^ represents the gradient of each line in Figure 5.24. The value 
of bi is a function of the overvoltage ratio and from Figure 5.2 5 it 
follows tbat bi may be expressed as

bi = 0 . 4 4 3 . U o ° + 0.662

Thus the final expression for pz /pz may be written:
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= 0.29 + (0.443.Uo ' + 0.662)Z-
pz

It now remains to develop an expression for pz.

5.4.3 Expression for pz~.-An expression for pz has been developed previously 
from Monte Carlo calculations by Love et al. (1977) (see Section 2.3.2). 
However, in view of the importance of getting an accurate value for this 
parameter (Section 5.1), the expression has been re-evaluated using the 
ĝ (pz) curves from tracer measurements.

Love showed that the mean depth is expected to be a function of over
voltage with the form

p s dilnUp+d2
— - = InUo (5.5)
pz

where dx and d£ are constants for a given element. Hence from the plots of 
pSjĵ /pz versus l/lnUp values of d% and d2 may be obtained from the intercept 
and gradient respectively. Such plots are shown in Figure 5.26 for the 
tracer experiment data (data for copper are from Shinoda, 1966), using 
equation (2.22) to calculate ps^. Estimated errors in pz, shown by error 
bars, are ±3% for gold, aluminium and carbon and ±5% for copper, since the 
latter were obtained from published ^Xpz) curves and so are subject also 
to reading errors. Also shown are lines drawn using Love and Scott's 
(1980) expression for ps^/pz. These lines and the tracer data are in close 
agreement for carbon and aluminium, but there are significant differences 
for copper and gold, showing that for heavy elements Love's expression does 
not predict the correct overvoltage dependence. However, Love's expression 
and the tracer data both show an increase in ps^/pz with l/lnUp-

In view of the above findings, it was decided to derive a new formula 
for ps^/pz relying entirely upon data from tracer experiments in the first 
instance. Expressions for d% and d2 were obtained from lines drawn through 
the tracer data points. These expressions were, however, prone to error, 
firstly because there are only three or four data points for each element 
and secondly, because the data points are not in the overvoltage range of 
most interest, i.e,, ^10 < Uq < ^80. For example, if oxygen Ka %-rays are
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measured at a probe voltage of 5 kV then Uq = 9 and Uq will be a»2 8 at 
15 kV. Consequently, the expressions for d% and d2 were optimised by 
seeing how well the Quadrilateral model performed when incorporated into 
a ZAF routine and applied to a collation of microanalysis measurements 
obtained from specimens of known composition. The microanalysis data are 
given in Sections 6.2.1 and 6.2.2

The final expressions obtained for d^ and d2 were

di = 2.4 + 0.07.Z, d2 = 1,04 + 0.48 g

where g is obtained using the equations of Love and Scott (1978).
These values were used in the expression for ps^/pz [equation (5.5)J and 
in Figure 5.26 the ratio is plotted (solid line) as a function of 1/lnUo.
It can be seen that good agreement is obtained with the experimental data 
points, the line being within the experimental error for the majority of 
the points. In the overvoltage range of most interest, 10 < Uq < 30 {i.e., 
0.29 < 1/lnUo < 0.43) the agreement between the line drawn using the new 
expression for pSj^pz and that drawn using Love and Scott's expression is 
also good, the largest difference being n.7 %.

5.4.4 Method of averaging parameters for multi-element specimens.-Since 
pz, pz^yp'z and K are composition-dependent, they must be averaged when 
dealing with multi-element specimens.. In the expressions for K and 
PZjjj/pz, weight averaged atomic numbers are used, and pz is averaged accord
ing to pz = Zcĵ pZĵ
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CHAPTER 6

Evaluation of Quadrilateral Absorption Correction Model 
______________ and Comparison with other Models__________

All the correction models evaluated here have been combined into a 
ZAF routine which contains the characteristic fluorescence correction of 
Reed (1965)» A continuum fluorescence correction has not been included, 
firstly because the calculations are lengthy and secondly because its mag
nitude is generally smaller (^d%, see, for exanple. Springer and Rosner, 
1969) than the limits of accuracy of most microprobe measurements» Where 
authors have expressed a preference for a particular combination of atomic 
number and absorption corrections, that scheme has been adopted; otherwise 
the atomic number correction of Love et al^ (1978a) has been used (Table 9)

Table 9

Details of ZAF correction models evaluated

Model Designation Absorption Correction Atomic No. Correction

Simplified Philibert Simplified Philibert (1963) Love et aï. (1978a)
Heinrich's (1967) values for 
h and a

Tanuma Tanuma and Nagashima (1983) Love et al.'s (1978a) 
backscatter factor, R, 
with Duncumb and Reed's 
(1968) stopping power 
factor, S, employing 
J = 13.5 Z eV

Bastin Bastin et al. (1984a), 
absorption correction

combined atomic number and

Love-Scott Love and Scott (1978) Love et aZ. (1978a)

Quadrilateral Present work Love et aZ. (1978a)

6.1 Methods of Evaluation

The most convincing way to assess any correction method is to see how 
well it performs when correcting microanalysis measurements obtained on 
specimens of known chemical composition. This method has been implemented
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in the present work by first calculating the %-ray intensity ratio, k ', 
from the known composition of specimen and standard using a particular 
correction model. The values are then compared with measured %-ray 
intensity ratios, k. Hence, if the experimental data are being corrected 
properly, k'/k will equal unity.

Since characteristic fluorescence effects are usually small and the 
error in the atomic number correction factor is probably less than that 
inherent in microprobe measurements (Scott and Love, 1983), it may generally 
be concluded that any inadequacies in the ZAF procedure will be primarily 
due to inaccuracies in the absorption correction. Usually the larger 
source of error in an absorption correction will be in fix) for the specimen 
[/(X)spc]' because absorption in the specimen tends to be greater than in 
single element standards /(X)std- Consequently, if a model under-corrects 
for absorption, i.e., fix) is too high, f  (X) s p c / f  (X) gtd will be too large 
and k'/k > 1. Similarly, k'/k will be less than unity when over-correction 
occurs. These ratios may then be illustrated in the form of a histogram 
with the horizontal axis labelled k'/k. Both the shape of the histogram 
(degree of bias, etc.) and the root-mean-square deviation from unity (rms 
error) are used as judgements of success.

Two complementary methods of evaluation have also been used. In the 
first the fix) values predicted by various models f(X)mod' are compared with 
data, /(X)exp' determined from reliable ç6ipz) curves; for this purpose, those 
established from the tracer method have been used. The data are then pre- 
s e n te d  g r a p h i c a l l y  as p l o t s  o f  f ( x ) m o d / f ( % ) e x p  ^a rsws / ( X i g x p .  J^X)mod/

/(X)gxp  ̂ 1 ' then the model is under correcting for absorption and vice 
versa.

This method is very useful, since the values of fix) predicted by 
different absorption corrections can be compared, and the shape of the fix) 
plots may indicate v^ere a particular absorption correction is at fault. 
Deductions from these plots must, however, be made with care, since tracer 
fix) values will be available only for a few elements at certain over
voltages. Therefore, the plots may not be representative of the performance 
of the model over a wide range of experimental conditions, Furthermore, 
compound specimens are used in practice and specimen-to-standard ratios 
taken. Thus the errors in /(X) seen in pure elements, may either tend to 
cancel or reinforce each other.
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The second evaluation method involves comparing </(pz) curves and 
mean depths of %-ray generation predicted by a particular correction model 
with corresponding information deduced from the tracer measurements. Here 
again, an insight can be provided on where a particular model is liable 
to fail and what adjustments may be necessary to improve its performance.

6.2 Data Base of Microanalysis Measurements

6.2.1 Elements of atomic number, Z > 10.-A data base of 554 measurements 
has been collated. This comprises 313 results taken from the earlier 
listing of Love et al. (1976), 168 results published by Heinrich et al.
(1971) and 73 new results obtained in the present investigation. Detailed 
information concerning the precision of the first two sets of data are 
generally not available, although some checks have been made. For example, 
Heinrich (1968) has suggested that when a set of data exists vdiere only one 
parameter, such as probe voltage, is varied, plots of k/c Versus the variable 
should lie on a smooth monotonie curve, any significant deviation indicating 
an erroneous measurement. This criterion was used by Love et al. (1976) 
and Heinrich et al. (1971) to reveal inaccurate data. The experimental 
measurements produced in the present research were also checked in this 
way (a selection are shown in Figure 6.1). All results satisfied Heinrich's 
criterion, which indicated that they could bo included with confidence in the 
data base.

Love et al. (1976) recognised that some grossly inaccurate measurements 
could still remain in their data base, even after discarding those measure
ments which did not satisfy Heinrich's criterion. In the present work, 
further improvements were therefore sought by being even more selective.
It was considered that measurements from heavily absorbing systems (es
pecially at low take-off angles) were particularly susceptible to experi
mental errors and warranted careful investigation. Such measurements 
(117 in all) include the analysis of low energy A'-rays, for example K 
radiation from aluminium, silicon and magnesium, or L radiation from some 
elements. Indeed, when the various correction models listed in Table 9 
were applied to these data, it was found that the rms errors were, in every 
case, up to four times higher than those obtained when the correction models 
were used on similar data from Heinrich et al. (1971) and the present in
vestigation. The greater rms errors in the 117 results were considered to
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be caused by large measurement errors, since otherwise each correction 
method would be expected to correct botli sets of data equally well, and 
they were therefore excluded from the new data base. Whilst, as a con
sequence, some reliable measurements may have been discarded in the 
process, this approach was considered preferable to extracting individual 
measurements, an alternative open to the criticism that certain correction 
models were being favoured by excluding those systems which they could not 
deal with satisfactorily. It should be noted that these exclusions helped 
to show up differences in the performance of the various correction models, 
but did not change their ranking order.

Most of the microanalysis data from Heinrich et al. (1971) were con
sidered to be reliable. This is because firstly, careful checks had been 
made by the authors on sample composition and homogeneity and secondly, 
where given, the estimated standard deviation of each measurement was 
typically 'vl.6 %. The exceptions were a few measurements made at low probe 
voltages which Heinrich suggested could have been susceptible to error from 
surface contamination of the samples. These few measurements were, there
fore, also excluded. Furthermore, where Heinrich gave results for both the 
Lct̂  and lines in a system, only the former were included in the data
base. There were three reasons for excluding the Lg measurements. Firstly, 
the Lg lines are less intense than Lq[ and are therefore liable to be less 
accurately measured. Secondly, mass absorption coefficients for Lg lines 
are not often measured and so may be suspect. Finally, the histograms may 
have been unduly biased by a large amount of data obtained on a few systems 
at similar overvoltage ratios.

The precision of the experimental data produced in the present research 
can be estimated as follows. The standard deviation, a, for each measure
ment may be calculated using equation (5.2), where represents the mea
sured specimen-to-standard intensity ratio, k. The standard deviation, 
expressed as a percentage of k, varied from system to system and also with 
keV, but was generally '̂ 1.5%. This standard deviation does not take into 
account the quality of the sample surface and the introduction of any small 
misalignment errors. Therefore, a more stringent assessment of experimental 
errors was carried out, using the highly absorbing MgFg system at 25 keV. 
Measurements of magnesium Ka radiation were made with the specimen and pure
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magnesium standard re-prepared after each analysis. Five sets of five 
measurements were obtained and the average value for each set calculated.
The standard deviation of the averages was 2.3%.

A complete list of the microanalysis measurements included in the 
heavier element data base is given in Appendix B. The data have been 
plotted as c/k in a histogram (Figure 6.2) in order to give an indication 
of the magnitude of the correction factors required. (Note that c is the 
actual weight concentration.)

6.2.2 Elements of atomic number, Z < 10.-In this investigation, micro
analysis results have been obtained from oxide, fluoride and carbide samples, 
Measurements were made at 25 keV on a CaZr0 3 -Al2 Û 3 specimen, representative 
of a highly absorbing system, in order to check the reproducibility of 
results after re-preparation of the sample. Five sets of six measurements 
were obtained and the average value for each set calculated. The standard 
deviation of the averages was 2.5%. A similar value was obtained when 
analysing fluorine in fluorides, but the carbon measurements on carbide 
samples gave a somewhat higher figure of a6 %.

A selection of results are plotted in Figure 6.3. All curves show a 
dependence of X-ray intensity ratio, k, upon probe voltage, to a greater 
or lesser extent. It may be seen that in most cases there is a decrease 
in k with increase in probe voltage. These systems have mean mass ab
sorption coefficients greater than that of the standard, with the exception 
of MgCr2 0 4 , which shows k increasing as the probe voltage is raised. At 
high probe voltages it can be seen that k values for some systems are 
virtually independent of kV (for example, the Si0 2  and CaZrO^ curves in 
Figure 6.3). This is because when absorption is very large, only those 
X-rays generated close to the sample surface are emitted. Therefore, to a 
first approximation, 0 (pz) may be considered constant and equal to îẑ (O), 
the value at the surface. Hence, the specimen-to-standard k ratio may be 
written as:
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k =

k =

r
1 i6(0) exp (-Xpz)dpz

Ispc I spc '
^std \r/ ?S(o) exp (-Xpz)dpz

J_ 0 std

Ltd cspc = constant
c^td

jz5 ( Ap z ) 

(Apz)
spc

std

(6 .1)

This is known as the 'thin film' approximation of Duncumb and Melford (1966).
In practice, however, this limit is rarely reached.

Only the oxide and fluoride results have been collated into a data base, 
the carbide measurements have been omitted for reasons which will be explained 
later in this section. Some oxide measurements of Love et al, (1974b), which 
had not been repeated in the present investigation, have also been included 
(estimated accuracy of these data ±3%. All of Love's measurements from 
samples containing titanium were, however, omitted, because the close proximity 
of the oxygen Ka line to the titanium Lj edge (v5 eV) means that the absorption 
coefficient is sensitive to the chemical state of the absorbing element (Reed, 
1975; Scott and Love, 1983) and values quoted in the literature are likely to 
be less accurate.

A complete list of the oxide and fluoride microanalysis data is given 
in Appendix C. These results have been plotted as (Cgpc/cstd^in a 
histogram (Figure 6.4) to show the magnitude of the correction factors 
required.

Carbide data.-The carbide results were excluded from the data base since 
it was impossible to decide which standard should be used for these measure
ments. This was because a difference was found in the X-ray emission from 
one allotropie form of carbon to another. Not only did the peak shape and 
position change, but also the total emitted intensity {i.e., the integrated 
area beneath the peak) varied. The carbon Ka peaks for diamond, amorphous 
carbon and single crystal Tyconderoga graphite are shown in Figure 6.5.
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Data obtained from these traces, Table 10, show that diamond has a higher
peak than that of Tyconderoga graphite and also a larger emitted X-ray
intensity. On the other hand, amorphous carbon has a lower peak height 
than that of Tyconderoga graphite and also a lower X-ray intensity.

Table 10

Data obtained from the Ka peaks of various types of carbon at
20 keV (after background subtraction). Data referred to

_____________ Tyconderoga graphite

Type of 
Carbon

Peak Position 
keV

Peak Height 
±0.0 3

Total Integrated 
Intensity ±0.02

Diamond
Tyconderoga
graphite
Amorphous
carbon

0 . 2 7 8

0 . 2 7 6

0 . 2 7 7

1 . 22

1 .0 0

0 . 8 3

1 . 2 2

1.00

0 . 9 4

Chemical bonding effects are known to affect peak shape, but their 
influence on X-ray emission intensities is less well documented. Authors 
who have observed the latter effect are Ranzetta and Scott (1964) and 
Weisweiler (1970b, 1972, 1975a,b).

Weisweiler seems to think that it may be caused by different amounts 
of absorption in the carbons. He suggests that the mass absorption co
efficients for C Ka radiation in diamond and amorphous carbon are 2120 
and 2535 cm^ g“  ̂ respectively, whilst in graphite the coefficient varies 
between 2150 and 2500 cm"̂  9” /̂ depending on whether the X-rays are travelling 
in a direction perpendicular or parallel to the basal planes. This work 
does not, however, appear to have been followed up by other authors.

It is, indeed, possible that absorption is contributing to the changes 
in X-ray intensity seen in this work, since the intensities from diamond 
and Tyconderoga graphite agree more closely as the probe voltage is reduced, 
as shown in Figure 6 .6 . The mass absorption coefficient in diamond would, 
however, have to be 0/30% higher than in the graphite to account for the 
observed dissimilarity in X-ray intensity at 20 keV, which is a little 
larger than that suggested by Weisweiler. Furthermore, a difference in the
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m/p values for graphite and diamond would suggest that when the Z-ray 
intensity ratios are plotted against kV, they should follow a curve, 
whereas the experimental results (Figure 6 .6 ) indicate a linear relation
ship. Therefore, absorption effects alone are unlikely to explain the 
measured Z-ray intensity variation between Tyconderoga graphite and diamond. 
Neither can they explain the difference between the intensity from graphite 
and amorphous carbon, since these do not agree any better at low, than at 
high probe voltages. A change in electron backscattering may be, however, 
a contributing factor, since the specimen current was found to be ^̂ 4% 
lower for amorphous carbon than for Tyconderoga graphite.

Polarisation effects have been observed in graphite single crystals
(Borovskii, 1972; McFarlane, 1973; Drkger and Brümmer, 1984), but it is
difficult to see how they may be responsible for the variations in Z-ray
intensity seen in the present work, for two reasons. Firstly, polarisation
effects in cubic crystals {i.e., diamond) and amorphous samples should be 
minimal, whereas large differences in the integrated X-ray intensities were 
observed. Secondly, it would be expected that the use of an alternative 
analysing crystal would alter the intensity ratio from diamond and graphite, 
whereas a laurate crystal gave the same X-ray intensity ratio as a stearate 
crystal.

To overcome the problem of choosing which pure carbon standard should 
be used, a carbide standard could possibly be employed. It is, however, 
difficult to obtain a sufficient number of reliable measurements on different 
systems to provide an unbiased test of correction models. The reason for 
this is that many carbides have a range of stoichiometry and are available 
only in powder form. Furthermore, porosity is a problem if powders are 
sintered to form compact samples (Weisweiler, 1975b).

Although carbide data were not included in the data base, intensity 
ratios (with respect to a diamond standard) are given in Table 11 for 
future reference.

Table 11
Experimental intensity ratios obtained from carbides. Diamond standard
Carbide
Formula 5 7

Probe
1 0

voltage kV 
12 15 2 0

Cr3C2 0. 125 0 . 1 0 0 0.071 0.062 0.050 0.043
Sic 0. 158 0.099 0.056 - 0.031 0.024
WC 0.074 0.049 0.031 0.026 0 . 0 2 0 0.016
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6.2.3 Selection of mass absorption coefficients.-The importance of choosing 
reliable mass absorption coefficients has been stressed previously. For 
systems included in the data base with elements of Z > 10, the mass ab
sorption coefficients of either Leroux and Thinh (1977) or Heinrich (1966a) 
are available (Section 2.3.3). The latter set was, however, preferred 
because the analytical expressions of Springer and Nolan (1976) could then 
be used to calculate them, a more convenient arrangement than storing p/p 
values in a large data file.

Since neither the tables of Heinrich nor Leroux and Thinh adequately 
cover mass absorption coefficients for X-rays of energy less than 1 keV, 
another set of values had to be used with the oxide and fluoride systems.

Henke et at. (1982) have recently compiled a table of mass absorption 
coefficients based on interpolation and extrapolation of their earlier 
experimental results (Henke et al., 1967) and those of other authors which 
they considered reliable. Henke gives mass absorption coefficients for 
all X-ray lines up to 2 keV and for selected lines up to 10 keV. Although 
Heinrich also gives data in the 1-2 keV range, Henke's values were pre
ferred because firstly, they are more recent (and therefore probably more 
reliable) and secondly, they gave better results whichever correction model 
was applied to the relevant microanalysis data. For example, rms errors 
of 3% were obtained using Henke's values, compared with 16% if Heinrich's 
were used.

6 .3 Performance of Quadrilateral Model

6.3.1 Application to elements Z > 10.-When the ZAF correction incorporating 
the Quadrilateral model was applied to the data listed in Appendix B, the 
histogram shown in Figure 6.7a was obtained. This is narrow, with a tall 
peak at k'/k = 1 . 0 0  ( 1 2 1 systems in the 1 . 0 0 column), which shows that the
model is correcting the data well. Further evidence on this is given by 
the rms error of 2.9% (Table 12). This is extremely good, since it is 
comparable with the accuracy of the experimental measurements. There is 
a little bias in the histogram, shown by the greater number of values with 
k'/k < 1,(258 compared with 175 where k'/k > 1). The average value of k'/k 
is, however, 0.994, Wiich shows that the tendency towards over correction 
is not great.
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Tab le 12

Percentage rms deviation from k'/k equal to unity, obtained when 
using various correction procedures

Model Analysed Elements
Z > 10 Z = 8 or 9

% rms error Average k'/k % rms error Average k'/k
Simplified
Philibert 4. 8 1.009 16.5 1.107

Tanuma 3. 8 1.002 11.8 1.069

Bastin 3.7 0.993 7.0 1.051

Love-Scott 3.4 0.996 14.0 1.091

Quadrilateral 2. 9 0.994 4.8 1.025

6.3.2 Application to elements Z < 10.-When the Quadrilateral model was 
applied to the oxide and fluoride data (Appendix C) , the histogram shown
in Figure 6 .8 a was obtained. This is not as narrow as the heavier element 
histogram, and has an rms error of 4.8% (Table 12), indicating that the 
model may be less satisfactory for the analysis of soft %-rays. It should, 
however, be noted that (a) larger correction factors were required for 
these data (compare Figures 6.2 and 6.4), (b) experimental errors in the
microanalysis data may be greater and (c) mass absorption coefficients 
used for light elements may be less accurate than those used for higher 
atomic numbers. The histogram's peak is at 1.00 (25 systems in this 
channel), but it shows a slight bias. The average value of k'/k is 1.025 
and there are 52 values where k'/k is greater than unity and only 17 where 
k'/k < 1. Examination of just the corrected fluoride data (shaded portion 
of histogram) showed, however, no bias which suggests that the overall bias 
may be associated with an inaccurate mass absorption coefficient used for 
the oxide standard (AI2 O 3 ). With the limited amount of data available, 
however, this view cannot be substantiated.

6.3.3 Comparison of mean depth values with tracer experiment.-The importance 
of the mean depth of J-ray generation in determining fix) when / (X) > 0.7, 
has already been stressed in Section 2.3.2. Therefore, it is instructive to 
compare values of pz predicted by the Quadrilateral model with those obtained 
from %-ray depth distributions measured using the tracer technique (Table 13).
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It can be seen that the agreement between tracer and Quadrilateral model 
mean depths is very good for aluminium; at all four incident electron 
energies they are within 2%. For gold, the agreement is again good, the 
two sets of mean depths differing by less than 4%, but the carbon results 
(with discrepancies up to 8 %) are somewhat less satisfactory. These dif
ferences arise because the expression for pz was adjusted to optimise the 
performance of the Quadrilateral model when applied to microanalysis data.
There is, however, no systematic trend in these discrepancies which indicates 
that the model has no tendency to either over- or under-estimate pz.

It is helpful to compare the calculated quadrilateral shape with the 
%-ray depth distribution measured by the tracer technique because when ab
sorption is high, the shape of the (z5(pz) curve at the surface will determine 
f{X) Bishop (1974). Figures 6.9-6.11 show ^(pz) curves for aluminium and gold 
at 20 keV and carbon at 10 keV. There is close correspondence between the 
tracer experiment ^{pz) curve and the quadrilateral shape for aluminium.
Figure 6.9. The giipz) curves for gold agree less well. Figure 6.10. How
ever, for many values of x, the reduction in X-ray generation predicted by 
the model at A and B will be largely compensated for by an excess at C. The 
sz5(pz) curves for carbon. Figure 6.11, show clearly that pz has been under
estimated by the Quadrilateral model, although K and pz^ are reasonably well 
predicted.

6.3.4 Comparison of /(X) values with tracer experiments -Values of /(X)q 
obtained from the Quadrilateral model have been compared with those (X)gxp^ 
determined from the tracer experiment ç6{pz) curves for gold and aluminium at 
20 keV and carbon at 10 keV. In Figure 6.12a the ratio of /(X)g//(X)gj^p 
is plotted as a function of f  (X ) ̂ x p -  When f  ̂ 0 •  ̂ / then p z  is the
important parameter determining f{X). Here fix)q /fix)exp unity for both
the gold and aluminium curves, because the Quadrilateral model predicts mean 
depths in good agreement with experiment. The curve for carbon is, however, 
above unity since p z  is too small. For lower values of /(X)gj^, where the 
shape of the ^ ( p z )  curve (especially at the surface) becomes important, then 
the fix) ratio for carbon is greater than one and the ratio for gold is less 
than one. The overcorrection for gold may be explained with reference to 
Figure 6.10. The absorption correction factor is given by equation (2.23), 
which is not dependent upon the absolute value of the area beneath a (̂ ipz) curve, 
but on the proportion of that area at different depths. [In other words, on



so

lo pz mgcm"̂0.5

Fig.6.9 0(p̂ ) curves for Al(SiO tracer) at 20keV.

—  Quadrilateral m o d e l T̂racer experiment .
The quadrilatéral shape is scaled arbitrarily to give the same 
area as that beneath the tracer experiment curve .

1.0 -

1.0 pZmgcm"̂^ 0.5
Fig.6.10 curves for Au(Bi tracer) at 20keV.

 Quadrilateral model Tracer experiment.
The quadrilateral shape is scaled arbitrarily to give the 
same area as that beneath the tracer experiment curve



2.0i

1.0 -

0.2 pz mgcm"^

Fig.6.11 0(^pz) curves for C(ÀI tracer) at 10keV.

 Quadrilateral m o d e l Tracer experiment
The quadrilateral shape is scaled arbitrarily to give the 
same area as that beneath the tracer experiment curve.



1.2

1.0-
0.5

0.8"'

(a)

1.4-

1.2

1.0 0.5

0.8

(b)

Fig.6.12 f A:)exp plotted as a function of f(x> : — Au 20keV,

 A! 20keV, C10keV;(a)Quadrilateral,(b)simplified Philibert.



1.4

1.3

1.2

1.0

(c)

1,2

1.V

1.0 -
0.5

1,1-

1.0

d3~

(d)

(e)

Fig.6.12 f M m o d /f  (%)exp plotted as a function of f(x')\
— Au 20keV,-----A! 20keV, C 10keV;

(c)Tanuma, (J) Bastin, (e) Love-Scott.



- 87 -

the shape of the jz$(pz) curve.] In the Quadrilateral model the area beneath 
the {ẑ (pz) curve is not specified so, for simplicity, the Quadrilateral 
profile has been drawn in Figure 6 . 10 such that its area is equal to that 
for the tracer experiment curve.^ When absorption is high, the curves in 
Figure 6.10 show clearly that J' (pz) .exp (-Xpz) dpz will be smaller for the 
Quadrilateral profile, and hence f iX) Q/f iX) Qŷ p < 1-

Similar reasoning can be applied to explain the opposite effect (under 
correction) for carbon in Figure 6.12a.

6 .4 Performance of other Correction Models

A list of the other correction models which have been assessed is given 
in Table 9.

The simplified Philibert model (Philibert, 1963) is included, because it 
is commonly used and therefore provides a basis for comparing performances of 
all other models.

The model of Tanuma and Nagashima (1983) is claimed to be an improvement 
over the simplified and rigorous Philibert models for the analysis of both 
heavy and light elements. It is based on a curve fitting approach, in 
which the %-ray depth distribution is represented by a Gaussian profile 
with the peak displaced along the mass depth axis (Section 2.3.2). For the 
Gaussian profile, /(X) may be written

fix) = A.exp(u^)Er/c(u)

where u = qX-b, b = ~ A = exo (-b^ ) / [ 1+Erf (b) ] ,^ Apz 14'

= 1.158 X 10-G(Eol'S9_Erl'33)A/zi'i g cm-^

and Erfc(u) = 1 - Erf(u) = 1 --— / exo(-t )dt

'0
Tanuma does not specify how should be averaged for multielement systems, 
but in the present investigation weight averaged values of A and Z have 
been used.



The model of Bastin et alo (1984a) (Section 2.3.2) is based on 
the approach suggested by Packwood and Brown (1983) in which the ^^pz) 
profile is represented by a modified Gaussian functionc Equations 
for the parameters used in the expression for 5z5(pz) were obtained initially 
by curve fitting to experimental jẑ (pz) data, but were later modified by 
optimising the equations using published microanalysis data.

The model of Love and Scott (1978) (Section 2.3.2), another curve 
fitting approach, has been included here because it is the precursor of 
the Quadrilateral model.

It would also have been interesting to test the recently proposed model 
of Pouchou and Pichoir (1984), but when approached, the authors declined to 
give sufficient information on the model to carry this out.

Models which have been excluded from this investigation are those of 
Packwood and Brown (1983), Ruste and Zeller (1977) and Reuter (1972), since 
all have been previously assessed by other authors (Bastin et al., 1984b;
Scott and Love, 1983; and Borovskii et al. , 1984) and shown to be deficient
in certain areas.

6.4.1 Simplified Philibert.-When the simplified Philibert correction method 
was applied to the heavier element data base, the histogram shown in Figure 
6.7b was obtained. The peak is at 1.00 and there are 103 results in this 
central column. The histogram's shape suggests that the model undercorrects 
for absorption [/(X) too large], since there are more values of k'/k greater 
than unity (250:201) and the average value of k'/k is 1.009. There is a 
'tail' of results having k'/k > 1 . 1 showing that for certain systems under
correction is particularly severe. The total rms error for the heavier 
element data is 4.8% (Table 12).

When the oxide and fluoride measurements were corrected using this model, 
the histogram (Figure 6 .8 b), was extremely broad with some relative errors 
exceeding 40%. Furthermore, it is very biased, with 70 values of k'/k > 1 
and only 8 values where k'/k < 1 (average value of k'/k is 1.107). Hence 
the model badly undercorrects for absorption when applied to the analysis 
of low energy /-rays and the rms error is 16.5%.

In Figures 6.13-6.15 comparisons are made between the /-ray depth dis
tributions obtained using the simplified Philibert model and those from 
tracer experiments. Apart from the fact that / (O) is made equal to zero in
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P h i l i b e r t 's  m odel, the  p r o f i le s  a ls o  have , in  g e n e ra l, h igh  peaks which 

a re  to o  c lo s e  to  th e  specimen s u rfa c e  and o v e r-e x te n d e d  t a i l s .  F u r th e r 

m ore, th e  mean depth  o f  % -ray  g e n e ra tio n  p z , is  too  sm all fo r  g o ld , 

compared w ith  t r a c e r  exp erim en t r e s u l ts ,  whereas i t  is  too la rg e  f o r  alum inium  

and carbon (T ab le  1 3 ) .  Thus, s ince  pz la r g e ly  c o n tro ls  / ( X )  when 

fix) > 0 . 7 ,  i t  is  n o t s u rp r is in g  t h a t  the  P h i l ib e r t  model perform s p o o r ly .

One reaso n  fo r  i t s  in a c c u ra te  ^ipz) p r o f i l e  is  th a t  the  model assumes a 

c o n s ta n t e f f ic ie n c y  o f  % -ray p ro d u c tio n  w ith  re s p e c t to  e le c tro n  en erg y , 

w hereas, in  r e a l i t y ,  t h is  is  n o t th e  case (F ig u re  1 . 9 ) .  N e v e rth e le s s , 

P h i l i b e r t  is  fo r tu n a te  in  h is  assum ption, s in ce  a t  h ig h  o v e rv o lta g e s  

(when a b s o rp tio n  is  l i k e l y  to  be la rg e )  , th e  io n is a t io n  c ro s s -s e c t io n , Q, 

is  le a s t  dependent on o v e rv o lta g e , w h ils t  a t  low o v e rv o lta g e s  the ab 

s o rp t io n  c o r r e c t io n  is  sm all anyway.

When fix) v a lu e s  o b ta in e d  from  th e  model and from  t r a c e r  experim ents

are  com pared, la r g e  d is c re p a n c ie s  a re  found (F ig u re  6 . 1 2 b ) .  Even when

a b s o rp tio n  is  lo w , th e  g o ld  and carbon curves  d e v ia te  from u n ity ,  and

th e re  a re  e r r o r s  in  excess o f  10% when f iX) = 0 . 7 .  The gold curve isexp
above u n i t y ,  because th e  low  mean depth o f  J - r a y  g e n e ra tio n  g iven  by th e  

model causes i t  to  u n d e rc o rre c t fo r  a b s o rp tio n . The o p p o s ite  a p p lie s  to  

the  carbon (and to  a le s s e r  e x te n t ,  th e  a lum inium ) cu rve . The e x c e s s iv e ly  

h ig h  peak in  th e  ^ ( p z )  p r o f i l e  fo r  g o ld  and i t s  c loseness to  th e  specimen 

s u rfa c e  le a d  to  e x tre m e ly  la rg e  e r ro rs  in  / ( X ) g p  when / ( X ) e x p  < 0 . 7  [ fo r  

exam ple, when / ( X ) e x p  th e re  a re  r e la t i v e  e r ro rs  g re a te r  than 60%].

When a b s o rp tio n  is  v e ry  h ig h , / ( X ) g x p  < 0 . 0 5 ,  th e  s im p li f ie d  P h i l ib e r t  

model o v e rc o rre c ts  fo r  a b s o rp tio n , i.e., / ( X ) g p / / ( X ) g x p   ̂  ̂ ( i l l u s t r a t e d  by 

th e  curve f o r  a lu m in iu m  in  F ig u re  6 . 1 2 b ) .  The reason fo r  the o v e rc o rre c tio n  

is  t h a t  in  th e  l im i t in g  case,  as X ^  th e  s im p l i f ie d  P h i l ib e r t  model 

p r e d ic ts  th a t  fix) i s  p r o p o r t io n a l to  1 / x ^ ,  whereas fix) should be p ro 

p o r t io n a l  to  1/X  (see S e c tio n  2 . 3 . 2 ) .

Both th e  a lum in ium  and go ld  curves suggest th a t  t h is  model w i l l  s e v e re ly  

u n d e rc o rre c t f o r  a b s o rp tio n  v^en 0 .2  > f(X) > 0 . 0 5 .  T h is  is  con firm ed  by 

th e  h is to g ram  shown in  F ig u re  6 . 7b .  The systems g iv in g  r is e  to  th e  t a i l  

above k ' / k  = 1 . 1  correspond to  cases where fiX) <*^0.4 and where e r ro rs  in  

the  a b s o rp tio n  c o r re c t io n s  in  specimen and s tan d ard  do not compensate fo r  

one a n o th e r.
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Sometimes c o n s id e ra b le  com pensation does occur, in  which case t h is  model 

may c o rre c t  data  s a t is f a c t o r i l y .  A ls o , fo r  some system s, th e  o v e r-e x te n d e d  

t a i l  o f  th e  s im p l i f ie d  P h i l ib e r t  curve may f o r t u i t o u s ly  c o u n te ra c t th e  poor 

re p re s e n ta t io n  o f th e  peak and le a d  to  a more a c c u ra te  mean depth  o f  X-ray 
g e n e ra t io n .

Because o f th e  la rg e  e r ro rs  in  fix) when a b s o rp tio n  is  h ig h  (F ig u re  

6 . 1 2 b ) ,  i t  is  e v id e n t th a t  th e  model is  n o t w e ll  s u ite d  to  l i g h t  e lem ent 

a n a ly s is  and t h is  was c le a r ly  shown by th e  la rg e  rms e r r o r  o b ta in e d  when 

i t  was a p p lie d  to  th e  o x id e  and f lu o r id e  d a ta .

6.4.2 Tanuma.-When Tanuma's correction procedure was applied to the heavier 
element data base, an rms error of 3.8% was obtained (Table 12). The re
sulting histogram. Figure 6.7c, is peaked at 1.00 (106systems in this column),

and is very symmetrical (221 values of k'/k above unity and 227 values of 
k'/k below unity).

The lower rms error, in comparison with that of the simplified Philibert 
model (Table 12), substantiates the claims made by Tanuma and Nagashima (1983) 
that their model is an improvement when applied to elements with Z > 10»

The histogram, shown in Figure 6 „8 c, was obtained when the Tanuma 
correction model was applied to the oxide and fluoride datac It is quite 
broad and gives an rms error of 11.8% (Table 12)o The histogram is also 
biased. There are 6 6  values of k'/k > 1, compared with 13 values of 
k'/k < 1, giving an average k'/k of 1.069. Thus the model undercorrects for 
absorption when used for processing light element data. These results do not

completely confirm the findings of Tanuma and Nagashima (1983), who claimed 
an rms error of 5.6% when their model was applied to 160 measurements on 
silicates, sulfates and oxides. Consequently, it is interesting to 
examine the microanalysis data and mass absorption coefficients used by 
Tanuma in his treatment. As well as utilising selected data from Love et 
al. (1974b), some of his own measurements were used, although unfortunately, 
no information was given on how their experimental measurements were made,
(most importantly, whether integrated %-ray intensities were necessary or 
adopted). There are certainly some large differences (up to 19%) between
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measurements made by Tanuma and by Love ct al. (1974b) on the same materials
with identical probe conditions, which suggests that one set of data may be 
in error. Tanuma's results would, however, seem to favour his own model.
For example, if Love's and Tanuma's data on the Cr2 0 3 and FezOg systems are 
considered, Tanuma's model gives an rms error of 5.7% for his own data, but 
8 .8 % for Love's data, whereas all of the other correction models (listed in 
Table 9), give smaller rms errors when applied to Love's data.

In their assessment, Tanuma and Nagashima have used mass absorption co
efficients by Henke and Ebisu (1974) and Love et al. (1974a), choosing values
for different elements in a rather arbitrary way. It is possible, there
fore, that the choice of mass absorption coefficients, as well as the micro
analysis data employed, may have fortuitously favoured the Tanuma model.

When comparing /(pz) profiles given by this model and the tracer 
experiments, it was found in the majority of cases that /(pz) was poorly 
represented close to the surface of the sample. This is in agreement 
with the findings of Tanuma and Nagashima (1983). Mean depths are com
pared in Table 13, showing that for gold and aluminium the predicted values 
agree quite well with tracer experiments (within 4% and 8 % respectively).
The carbon results, however, are less satisfactory, having discrepancies 
up to 39%.

The /(pz) curve for aluminium at 20 keV (Figure 6.16) illustrates a 
typical case of how Tanuma's model inaccurately represents the Z-ray depth
distribution at the specimen surface.

The effect of such trends on /(X)rp calculated by the model is illustrated
in Figure 6.12c. When f(X)gxp  ̂0.7, then the curve for aluminium
is above unity, a consequence of pz being too small. On the other
hand, the opposite applies to the carbon curve. When absorption is very
high [/(X) < 0.2], the poor representation of the peak in the /(pz) curve
for aluminium (Figure 6.16) results in severe undercorrection for absorption
and relative errors of 45% are reached when f(X) =0.04. The carbon' curveexp
shows a similar trend, although the relative errors are smaller. In the 
region where f(X)g%p < 0.4, the gold curve is below unity, a consequence 
of the model predicting too little Z-ray generation close to the specimen 
surface in this case.



3.0

# z )

2.0*

1.0 -

çz, mgcrri^0.5

Fig.6.16 (/)(ç>2̂ curves for Al fSiO tracer 1 at 20keV. 

— Tanuma, Tracer experiment .

The Tanuma curve is scaled arbitrarily to give 

the same area as that beneath the tracer 

curve since absolute values of ore

not predicted by this model.



- 92 -

The inaccurate representation of jz5(pz) close to the surface, resulting 
in large relative errors in /(X)t when /(X)exp <0.3 indicate that the model 
is not well suited to the correction of heavily absorbing systems such as 
light elements, and this was shown by the large rms error obtained when the 
model was applied to the Z < 10 data base.

5.4.3 Bastin.-The histogram of the 554 heavier element systems corrected 
by Bastin's method is shown in Figure 6.7d. It is peaked at 1.00 with 
96 systems in the central column and an rms error of 3.7% (Table 12).
The histogram is biased, giving more results below unity than above 
(269:189) with an average value of k'/k of 0.993. This tendency towards 
overcorrection has also been demonstrated in Bastin's own assessment 
(Bastin et at. 1984b).

Applying Bastin's model to the oxide and fluoride data. Figure 6 .8 d, 
produced a fairly narrow histogram (rms error 7.0%), although it was very 
biased. There are 70 values of k'/k greater than unity and only 5 below, 
with a mean k'/k of 1.051. These findings indicate that the model under
corrects for absorption when light elements are analysed. Examination of 
mean depths of %-ray generation given by this model. Table 13, shows that 
it gives reasonable agreement for most of the systems (relative errors 
being less than 7%) . The only exceptions are gold at 20 keV and carbon
at 5 keV (relative errors 19% and 15% respectively) . The total rms error 
in the mean depths for these ten systems is 8 .5 %.

The Bastin model combines the atomic number and absorption corrections, 
the atomic number correction factor being given by the ratio of the areas 
beneath the /(pz) curves for specimen and standard [equation (2.6)]. Hence, 
in order to perform well, the model should give /(pz) curves which have not
only an accurate mean depth of J-ray generation, but also the correct area 
beneath the /(pz) curve. It was therefore somewhat surprising to find
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that in sont: cases the predicted area under the / (pz) curve differed from 
that given by the tracer experiment profile by riKare than 10%. This
may indicate an inaccurate atomic number correction in the Bastin model, a 
view substantiated by the authors (Bastin et at. 1984b), who found that 
their atomic number correction did not perform as well as that of Love 
gt aZ. (1978a).

/(pz) curves for gold and aluminium at 20 keV (Figures 5.17 and 5.18) 
illustrate some of the differences in shape which occur between the model 
and experimental /(pz) profiles. For gold, Bastin's model has a higher 
peak and a shorter tail than the experimental profile, resulting in a 
smaller value of pz. On the other hand, /(pz) curves for aluminium show 
that the model gives a peak which is both lower and closer to the surface 
than that given by the experimental curve, the long tail of the / (pz) 
distribution resulting in the mean depth of %-ray generation being too 
large.

The /(X) plots in Figure 5.12d show that when absorption is small, 
then /(X) g//(X)gxp i-S greater than unity for gold at 2 0 keV, a consequence 
of the low pz value (Table 13). When absorption is very high, [/(X) < 0.05], 
the gold, aluminium and carbon curves all show the /(X) ratio increasing 
rapidly. This is because when absorption is high, the model predicts too 
much %-ray generation close to the specimen surface in each case.

It is not possible to explain why the model overcorrects for absorption 
when applied to the heavier element data base. The systems for which over
correction was particularly bad (k'/k ̂  0.94) concerned the measurement of 
copper La radiation in copper-gold alloys, but since /(pz) curves for copper 
La radiation are not available, the appropriate comparisons cannot be made. 
Nevertheless, the good performance for heavier element analysis generally 
substantiates the findings of Bastin et al. (1984b).

5.4.4 Love-Scott.-The histogram of the heavier elements corrected by the 
Love-Scott model is illustrated in Figure 5.7e. Its shape suggests that 
the model undercorrects for absorption, i.e., the peak of the histogram is 
at 1.01, instead of 1.00 and there are more values of k'/k > 1, Although 
the average value of k'/k is 0.995). In an earlier assessment (Scott and 
Love, 1983), no bias was apparent, but it is probable that the effect was 
masked by the less accurate microanalysis measurements which were included 
in the original data base. The effect of the inproved data base can also
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be seen in the rms error of 3.4% (Table 12), compared with 5.4% in the 
original assessment. Clearly, the model performs better than either the 
Tanuma or Bastin models for heavy element analysis, although it is inferior 
to the Quadrilateral model which replaces it.

When applied to the oxide and fluoride data, the model did not perform 
particularly well. The histogram. Figure 6 .Oe, is very broad (rms error of 
14.0%) and biased (there are 70 values of k'/k above unity and only 13 below). 
Furthermore, the average value of k'/k is 1.091, indicating the model is 
undercorrecting for absorption.

At first sight, the poor performance of this model for soft X-ray 
analysis may seem difficult to reconcile with the good performance originally 
claimed by Scott and Love (1983), who obtained an rms error of 5.6% when the

model was applied to the oxide d^ta of Love et al. (1974b). The difference 
is due mainly to the fact that alternative mass absorption coefficients had 
been used [Love et a l . (1974a)], which are now considered to be less reliable
than the present values of Henke et al. (1982).

In the Love-Scott model, the only feature of the /(pz) curve which is 
used is the mean depth of %-ray generation, and it is particularly important, 
therefore, to obtain the correct value. Mean depths are compared with 
tracer experiment results in Table 13. For aluminium and carbon the agree
ment is very good (maximum error 5.5%), but for gold it is too small. For all 
10 values the rms error in pz is 9,7%. Since in this model /(pz) is simply 
given by a rectangle, there is no point in comparing /(pz) profiles, as was 
done when assessing other models.

The fix) plots in Figure 6 . lie, for gold and aluminium at 20 keV and 
carbon at 10 keV, reflect the errors in the mean depth of %-ray production.
The gold curve is greater than unity, even when /(X) >0.7, which is a con
sequence of pz being too small (Table 13). The carbon and aluminium curves 
are, however, equal to unity because the mean depths are closer to those 
given by the tracer experiments. It is interesting that although pz is 
predicted more accurately in aluminium than carbon, the /(X) curve for 
carbon is closer to unity in the range 0.7 > /(X) > 0.3. The
shape of the /(pz) distribution has an effect on /(X) in this region. Hence, 
since the /(pz) curve for aluminium has a higher value of /(pZm)//(0 ) than for
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carbon, it may be less well represented by a rectangular shape and thus 
produce larger errors. When /(X) < 0.05, all three curves show an increase 
in /(X)Ls//(X)exp' because here, / (O) is an important parameter in deter
mining /(X). In the immediate surface region, however, the Love-Scott 
model will overestimate /(pz) (Figure 2.4).

6.5 Comparison of Correction Models

Evaluation of the five correction procedures listed in Table 9 has shown 
that the simplified Philibert model is the least satisfactory, having the 
largest rms errors (Table 12) for both heavy and light element analysis.
It has been shown by Love et at. (1975) that the performance of this model 
cannot be significantly improved by adjustment of the h or q parameters.
These authors also reached the same conclusion concerning the rigorous 
Philibert method which, although performing better than the simplified model 
when light elements were analysed, was less satisfactory when applied to 
heavier elements. It is considered, therefore, that there is little 
future in developments based upon the Philibert approach, particularly 
since other correction procedures have a superior performance (Bastin 
et at., 1984b; Scott and Love, 1983; and Borovskii at., 1984).

There is little to choose between the performances of the two Gaussian 
methods when applied to the Z > 10 data; The Bastin model gave a slightly 
lower rms error, but was more biased than the Tanuma model. For light 
element analysis, however, the Bastin model has been shown to be significantly 
better than the Tanuma model.

The Love and Scott (1978) model, when applied to the heavier element 
data set, performed well and was shown to be better than the simplified 
Philibert, Tanuma and Bastin methods. This verifies the suggestions made 
in Section 2.3.2 and Chapter 3, that for low absorbing systems, it may be 
unnecessary to express /(pz) precisely if the absorption correction alone 
is calculated, provided, of course, that the distribution has the correct 
mean depth of X-ray generation. As regards light element data, the Love- 
Scott model performs much less satisfactorily, due to the fact that the 
actual shape of the /(pz) curve becomes more important for these systems.
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Out of interest, the new expression for pz obtained in this work 
(Section 5.4.3) was incorporated into the Love-Scott method. This did not 
significantly change the rms error for elements with Z > 10, although for 
the oxide and fluoride data, there was some improvement. The rms error 
was still, however, higher than that obtained by the Quadrilateral and 
Bastin methods. Since the mean depth of X-ray generation is the only 
parameter which can be changed in this model, there seems to be little 
possibility for the model's further improvement. Hence again, the need 
for a more realistically shaped /(pz) curve than the simple rectangle used 
in this model, has been demonstrated.

The performance of the Quadrilateral model has been shown to be the 
most satisfactory, when applied to both sets of microanalysis data. The 
low rms error for the heavier elements (Z > 10) of 2.9% is probably of a 
similar magnitude to the experimental errors in the data. When applied 
to the oxide and fluoride data, the model is not quite as good (rms error 
of 4.8%, compared with experimental errors of < ^3%). Nevertheless, it is 
still significantly better than any of the other models tested (Table 12).

Finally, although it was argued in Section 6.1 that the performance of 
the ZAF correction procedures would be primarily determined by the perfor
mance of the absorption correction models, it is interesting to examine the 
relevant atomic number correction methods employed (Table 9). For the purpose 
only those measurements where absorption is low were considered [Ï.e.,
0.9 < y(X)gpc/f(X)std < 1.1], and viiere the correction for atomic number is 
greater than that for absorption. There are ^330 results in this category 
and these have been corrected with the Bastin, Tanuma and Quadrilateral 
models. Rms errors of 3.1%, 3.4% and 2.6%, respectively, were subsequently 
obtained. The smaller value given by the Quadrilateral model thus in
dicates that the Love et al. (1978a) atomic number correction is slightly 
superior to those used in the Bastin and Tanuma models.
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CHAPTER 7

Development of the Quadrilateral Model for Application 
to Tilted Specimen Geometries_____________

7.1 Background Information

It is desirable to have a ZAF correction which is capable of dealing 
also with non-normal incidence of the electron beam on the target surface. 
This is because in some scanning electron microscopes fitted with X-ray 
analysis facilities, the specimen must be tilted towards the X-ray spectro
meter to measure X-ray intensities. Furthermore, when analysing thin 
surface films it may be advantageous to tilt the sample, thereby reducing 
the depth of penetration of the electrons and confining the analysis to 
the surface regions of interest.

As regards the different correction factors, the continuum fluorescence 
equation, as developed for normal incidence, may be applied equally to 
tilted specimen geometries, since it is based upon the assumption that all 
continuum X-rays are generated at the surface. Furthermore, the charac
teristic fluorescence correction used for normal incidence is usually so 
small (< 5%), that the formula for normal incidence may also be applied 
to tilted specimen geometries without introducing significant errors. 
(Strictly speaking, the altered shape of the electron produced.
X-ray depth profile should be taken into account.) Considering next the 
atomic number correction, an appropriate expression for dealing with non
normal incidence has already been given (Love et al., 1978a - see Section
2.1.2). So we are left with developing an absorption correction which 
can properly model the specimen tilt effect. Let us then consider how 
the X-ray absorption factor, /(X), given by the Quadrilateral model, may 
be calculated for tilted specimen geometries.

Figure 7.1a shows schematically a sample tilted to an angle t with 
respect to the incident electron beam. The X-ray depth distribution, 
in such a sample, is / ( p z ' ) ,  viiere p z '  is measured in a direction normal 
to the specimen surface. Consider X-rays generated in the small element 
of depth, Ap z '  at a depth p z '  below the surface. These will travel a 
path length in the sample of p z '  cosec ip' , where tp ' is the X-ray take off 
angle. Therefore, by comparison with the expression for f(X) obtained
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for normal incidence [equation (/.23)J, /(X) for a tilted sample will 
be given by

J  ^ ipz' ) . exp ( -p/p .pz'. cosecip ' ) dp z '

/(X) =  — -----    (7.1)

where pz' = px.sinx and pz is the mass depth of the element Apz' measured 
in the incident beam direction. In order to evaluate the above expression, 
two approaches could be adopted.

The first involves the simplification that (/(p z ' ) is identical to 
that which would be obtained if the specimen was normal to the electron 
beam direction, d^pz), (Figure 7.1b). This approach is the one which has 
been commonly used in the past because most absorption correction models 
can only describe the %-ray depth distribution [and hence / ( X ) ]  for normal 
incidence of the electron beam. Then, if it is also assumed that pz = pz, 
equation (7.1) may be re-written:

rI d (p z) . exp (-p/p .pz sin T.cosec ') dpz
0

f ( X )

I d (pz)exp(-XgosinTpz ) dpz 
0

d (pz) dpz

where Xgo is the value of X which would be used for normal incidence. This 
j(X) expression is similar to that for normal incidence [equation (2.23)], 
the essential difference is that the exponential term is modified such that 
X is replaced by X.̂ where
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= Xgo sin T (7.2)

Green (1964) tested this relationship by comparing it with his experimental 
results obtained for copper Ka radiation at incident beam energies of 49.7 
and 30.2 iceV and at x = 90 and 45*. He found that at both energies the 
predicted values of X.̂ were too low, which resulted in fiXj) being too 
large. It is not perhaps surprising that this X.̂ approximation does not 
work well, in view of the fact that in practice the %-ray depth distribu
tion changes when the sample is tilted [ d ( p z ' )  /  d ( p z )  and p z  /  p z j  .

Bishop (1965) suggested, on the basis of his early Monte Carlo calculations 
that the expression

= %90(1 - 0.5 cos^T) (7.3)

would be more suitable. Later Monte Carlo calculations, however, did not 
confirm this (Bishop, 1968).

Rather than use the simplified approach described above, it is prefer
able to be more rigorous and use an absorption correction model which can 
describe the X-ray depth distribution in tilted samples (p(pz')]. Approxi
mations such as using Xj are then not necessary and equation (7.1) can be 
applied to give /(X) directly. This may be achieved using the Quadri
lateral model if expressions were obtained to account for changes in each 
of the parameters, K, pz and p z^ as the specimen is tilted. These 
"tilt factors" can be developed from the experimental <̂ {pz) data obtained 
for tilted specimen geometries, described in the next section.

7.2 Tracer Experiment and Monte Carlo Results

X-ray depth distributions have been measured for two tilted specimen 
geometries [angle of incidence of electron probe (x ) = 60° and 40°] using 
the same tracer samples and probe voltages employed for normal incidence. 
Generated X-ray depth distributions were obtained from measured X-ray 
intensities as previously described in Section 5.3, and are given in 
Appendix D.
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In Figure 7.2, ÿ̂ (pz) curves for aluminium at 10 keV and t = 90° ,  6 0° 
and 4 0° are plotted and it can be seen that as t is reduced, the peak 
of the distribution decreases and moves closer to the specimen surface. 
These effects may be explained as follows.

With the electron beam at normal incidence, the initial increase in 
ç6{pz) is due, primarily, to the increasing average path length of electrons 
through each elemental layer as they travel into the sample (Section
1.3.2). A maximum average path length is reached, at which depth all 
electron directions are equally probable; here the average angle of 
a = 60° (where d is the angle that an electron trajectory makes with the 
normal to the specimen surface). Consider now a sample which is tilted 
such that T = 30°, then a = 60° for the incident electrons at the surface, 
hence the 'peak' in ç6{pz) will be centred at the surface. [Other pro
cesses causing an increase or decrease in ç6{pz) have been neglected for 
the present argument.] Thus pz^ is zero and K [= ^ (p ẑ ) /g( (O) ] will be 
unity. It follows, therefore, that as t is reduced from 90°, the peak 
of the 0( pz )  curve will decrease and move towards the specimen surface.

The equation for /(x) [equation (5.1)] from the Quadrilateral model 
may be rearranged as follows

f ( X )
(pz^-pz^) (pZn^+Kpzn)X'

-e -Xpz, + Ke + Xfpz^-pZm) - K + 1

pz (7.4)

When the limiting case of K = 1 and pz^ = 0 occurs, the Quadrilateral 
model gives a triangular shape instead of a quadrilateral. Hence the 
second term in equation (7.4) can be omitted, leaving the expression for 
/(X) which is appropriate for a triangular {p z) profile:

fix
(pZn-P^m) (pz^+Kpzn)X"

Xpẑ m + Ke -Xpz, + X (pzn-pz ) - K + 1
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From the tracer experiment ẑ̂ (pz) curves, values of pz, K and pz,̂  
have been obtained and are listed in Table 14.

Comparable X-ray depth distributions have also been obtained using 
Monte Carlo calculations. Values of pz, K and pz^ from the Monte Carlo 
data are given in Table 15.

At low angles of %, when generated X-rays are confined to depths 
close to the specimen surface, it is difficult to determine pz^ and K 
precisely from either Monte Carlo or tracer experiment curves. Errors 
of up to 30 and 10% can occur in the values of p z^ and K respectively, 
depending how the 5Ẑ (pz) curve is drawn through the available data points. 
The uncertainty in pz is also probably a little higher than at normal 
incidence since the çX {pz) curve is defined by fewer data points.

With regard to p z^ and K, it was shown (Section 5.1) that the Quadri
lateral model is not particularly sensitive to these parameters. Further
more, as the specimen is tilted more towards the X-ray detector, the 
correction for absorption decreases, due to the reduced X-ray path length 
within the sample (Figure 7.1). Therefore, it may not be necessary to 
define pz^and K exactly at low tilt angles t .

A comparison of Monte Carlo and tracer experiment curves reveals 
similar trends to those seen at normal incidence, i.e., agreement is 
better at higher overvoltages (Figure 7.3), whilst at lower overvoltages 
both K and pz^/pz tend to be overestimated by the Monte Carlo model. 
Although there appear to be some exceptions to these trends, these are 
probably due to difficulties in determining the parameters when the sample 
is tilted.

Unfortunately, there are no published tracer experiment data by other 
authors for tilted specimen geometries with which the present results can 
be compared. Brown and Parobek (197 3) report that they have obtained a 
number of ^(pz) curves at t = 27.5°, although the actual data are not 
given. These authors concluded from a preliminary comparison of their 
results that no simple geometrical factor could be applied to convert 
the ^(pz) curves for normal incidence of the electron beam to those with 
non-normal incidence.



- m2 -

(V
u
cdJ'V■Huc•H

NQ
'S
4-Jc
E-r4
0)a

cuo(d
-p
6op4-1
(d-P
fdQ

o

EN
G .

o

H

Or^C4'^vDLDr0''-'O ro .N "N ui -;r vO ui m
O O O O O O O O

c n LD i n i n c n

E r o  CO o 0 0 m
N j - ■

Q . 1 - 1  O o o o

CM VD
O O

CT>
C n m CM CO r n o CM CT> CM o  - , i n i n n - c r , m o

N m O ( T i CO CO r - 0 0 i n CT\ r - i n o m l O
G • • • • •

1 ' i r r n CM CM o O O m CM — , CM — , o — , o o

oovo^r\i'-'Crtrnr'Ln cNj ^oLTiLnrn^rxjo

E O CO o CM CM u n
N c n O O n-
G •

> 4 CM

m u n m Oo u n u n m m m CM O

C
I— 1 0
(d ■H > MT CO 0 0 0 0
u p i C n 0 ) CM CM CM m m m

• H fd P X CO CO CO
- P p i ÛJ
• H • p C u m m m
P u W

U X
u

- P c
c 0 >
0 ) p 01

TO p > P - V c r , u n O o u n o
■ H u CD CM CM CM CM
U 0 ) C
C 1— 1 W u

P P P  nH rH rH< C < < < C C < U U U

oo

u~i
CO
o

o

m %— I i n m
CM CM CM CM C nI

o o O o O

o ui "<r in LD cOooOCO'-tro^C)
o o o o o o o o o

o o l O r - c r , CT, O
o o o m CM CM O o

t— 1 r-,

c r . u n CO CO o 'd ' o o t-H
u n u n CO i n u n m o

CO u n CO o o CM o u n
i n u n 'd ' 'd ' m — , CM o

CO 0 0 CO o n o n o n
CM CM CM m m m u n u n u n

CO CO CO u n u n u n
• • • • • •

m r n m — , — , — , — , — , — ,

c t i l t , o o n o n o  n
C N C N f M C N J . - i T - ' T - H T - H

p p p I—t I—t ,—I< < < < < < u u u

o



- 1 0 3  -

r-~ o\ Tf m TT

mo^o^oo^vDcr»r̂a>r̂aor̂oorv4

in r- Tf CO CD —GO cn rsi <N cA U>o in o CT» CO CT»

COOOcn'sDO' « 0 0 0 0  VOTTr-mrOf— o(T\VO lh 00 rsi cn O  (N <N ^  CO <n
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The Monte Carlo ^ipz) curves have been obtained over a wider range 
of T than the tracer experiment curves. Consequently the former will 
be used to establish trends with x, whilst the latter will be used to 
derive the actual equations. Trends shown by the Monte Carlo data can 
probably be relied upon because if ratios are taken of the value of a 
parameter at x® and normal incidence there will be some cancellation of 
any errors in the individual curves. This is shown in Table 15, where 
the ratios pz^/pz^ and (pz^/pz) (pz /pz) ̂ ̂ obtained from Monte
Carlo and tracer experiments for similar systems are compared. The 
agreement between these ratios is generally much better than that be
tween individual parameters obtained from Monte Carlo and tracer experi
ments (compare Tables 14 and 15 for tilted specimen geometries and 
Tables 3 and 8 for normal incidence).

7.3 Derivation of Equations to Deal with Tilted Specimen Geometries

The essential aim is to obtain values of p z^, and (pz^/pz)^ from
the respective values calculated for normal incidence, pzgo. Kgo, and 
(p z^/p z) 90 . It will be ensured that continuous functions of are 
derived such that pz^/pzgo = 1 when x = 90°, etc.

7.3.1 pz.̂. -The Monte Carlo data. Figure 7.4a, indicates that when x > 30°, 
then ^ % / ^ g o  is related linearly with sin x (for most practical purposes, 
values of x below 30° would not be used). They also suggest that 
pz-i/pzgo is dependent upon atomic number; at a given value of sin x, 
pz.j-/pzgo is higher for elements of higher atomic number, the only exception 
being the carbon results at sinx = 0.87.

The tracer results. Figure 7.4b, also follow a linear relationship 
with sinx. However, any dependence upon target material is not so much 
in evidence and although pzx/pzgo tends to be higher in aluminium than 
carbon, the gold data do not follow this trend. A possible reason for 
the Monte Carlo and tracer data not showing the same atomic number depend
ence is that the gold tracer results may be a little in error because pz
is particularly sensitive to the 'tail' of the ^(pz) curve, which is, in
turn, affected by the accuracy of the applied continuum fluorescence cor
rection. More tracer experiments would be needed to confirm whether the 
atomic number of the target material has an effect on p z^/p zg o.
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Since, however, the variation in pz^/pzgo for different elements 
(Figure 7.4a) is largest for small values of t , where absorption effects 
are reduced, it may be acceptable to neglect any dependence on the 
atomic number of the target. Using a 'least squares' method the lines 
shown in Figures 7,4a and b were obtained from the Monte Carlo and tracer 
results respectively.

In the region where x > 30° (sinx >0,5) there is little difference 
between the values of pzj/pzgo given by either line (the largest is a,8% 
when sinx = 0,5), The expression for p z^/p zg o obtained from the tracer 
experiment data is

PZl
   - 0.291 + 0.708 sinx
pz

and all of the tracer data points lie within ±9% of this line,

7 , 3 . 2  Kj.-It is difficult to obtain a simple expression for K  /̂K g o because 
at low values of x then K t 1 and K-r/Kgo 1 /Kg o , a term which is depend
ent on atomic number and overvoltage ratio. Thus for small values of x, 
K j / K g o  would be expected to be lower for higher overvoltages and atomic 
numbers. This trend can be seen in the Monte Carlo data at X = 40 °
(Figure 7,5a) and in the tracer results (Figure 7.5b), As a first

approximation, we may relate /Kg ̂ simply to t .

Based upon Monte Carlo data (Figure 7,5a), Kj/Kgg appears to be 
dependent upon sin^r. In Figures 7,6a and b are shown least squares 
fits (as solid lines) to the Monte Carlo and tracer results. The tws 
least squares lines diverge a little as sin^x is decreased. Nevertheless, 
in the region where sin^x > 0,25, (x > 30°), the maximum difference be
tween values of Kj/Kgo obtained from either line is only

The following expression for Kx/Kgg was obtained from the tracer 
experiments :

Kx o  = 0.643 + 0.358 sin^x
Kgo

Both the Monte Carlo and tracer results suggest that neglecting any 
overvoltage or atomic number dependence in K ?/Kgo does not introduce
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large errors into /(X), providing that Uq < 11 and T > 30°. The 
reason for this is that the Quadrilateral model is not particularly 
sensitive to the exact value of K (Section 5.1). Furthermore, at 
T = 40°, where a fairly large variation in values of K%/Kgo for 
different overvoltages and atomic numbers is seen, the Monte Carlo 
and tracer data differ by, on average, only û3 % and 'v8 % respectively 
from the appropriate least squares lines.

It has already been mentioned in Section 7.2 that as t is reduced, 
the peak of the %-ray depth distribution decreases and moves towards the 
specimen surface. Thus, although an error of say 10% in K-i could 
normally be tolerated, it is possible that when K% is close to 1 such 
an error could produce a value of Kj < 1. This is not meaningful, 
since in the limit K% 1, and in such cases the values of K-̂  = 1 and 
pZjjj = 0 should be used.

7.3.3 (pz^/pz)Y.-The Monte Carlo results, plotted in Figure 7.7a, indicate 
that when t > 30°, (pz^/pz)^ can be related linearly with sin^T and that, 
in this overvoltage range, (Uq < 11), there is no consistent dependence 
upon atomic number of the target material or overvoltage. This is 
supported by the tracer experiment data. Figure 7.7b. The scatter in 
the experimental points in both diagrams, probably caused by the difficulty 
in obtj^ing pz^ precisely at low values of x, may, however, have ob
scured any atomic number or overvoltage trends.

A least squares fit to the tracer results gave :

("pz /pz)^

(pz^/pz) 90
1. 179 sin^T - 0.176

which is also in accord with the Monte Carlo data, and is shown in 
Figures 7.7a and b as solid lines.

7.4 Comparison of /(X) Values Obtained Using New Tilt Factors with 
those Obtained Using X^ Approximations

The performance of the Quadrilateral model has already been proved 
for specimens normal to the incident electron beam direction (Chapter 6 ), 
but now it needs to be tested for tilted specimen geometries, firstly 
employing the new tilt factors and secondly using the Xy approximations
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(Section 7,1). Since the aim is to compare the different ways of 
accounting for tilt, when determining /(X), it has been assumed that 
at normal incidence all three parameters (pz^, pz, and K) for a parti
cular system can be defined exactly.

Using this information, /(X) has been calculated for a chosen 
system at non-normal incidence, in three different ways :

(a) The tilt factors were used to obtain Kj, pzj and (pz^/pz)^ from 
the exact values of Kgo etc. and hence the absorption correction 
factor, /(X)tp was calculated using equation (7.4) with
X = p/p cosec Ip’,

(b) Exact values of Kg o etc. for normal incidence were used in 
equation (7.4) with X^ = Xgo sinx (where X g o = p/p cosec ip ' ) 
to give the absorption factor for non-normal incidence, /(X,̂ .).

(c) The procedure given in (b) was adopted, but with 
Xj = Xgo (1-0.5 C O S ^ T ).

The values of /(X) calculated in these ways were then compared with 
f ) exp obtained directly from the appropriate tracer experiment ^(pz) 
curve at non-normal incidence.

Such a comparison was made using the 0(pz) curve for aluminium at 
20 keV and x = 40°. For this element and probe voltage the values of 
pz T, Kt and (pz^/p z)% obtained directly from the (p z) curves for both 
X = 90° and x - 40° are given in Table 17. Also shown are the corres
ponding values of p z % eto. , for X = 40°, which have been calculated 
from the exact values of pzgo etc. using the tilt factors (Section 7.3). 
It can be seen that the tilt factors predict values of p z^, K_̂  and 
(pZjjj/pz)i within 2%, 7% and 7% respectively of the tracer experiment 
values.

When /(x) values were obtained for aluminium at 20 keV and j = 40°, 
there was close agreement between the values calculated using method (a), 
g (X)Tp, and those calculated directly from the ^(pz) curve given by the 
tracer experiment. Figure 7.8a. In the region where /(X)exp  ̂9.4 the 
ratio /(X)tf//(X)exp unity and relative errors in excess of 5% do not 
occur until /(X)exp 0 .1 . This good agreement is a consequence of the
close correspondence between values of pz, K and pz^/pz obtained using 
the tilt factors and those from tlie tracer experiment / (p z) curve for 
this system.
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Method (b) is less successful, and gives values of /(X^) which are 
up to 6 % larger than / (X ) when /(Xlgxp > 0.25. This supports the 
findings of Green(1964) (Section 7.1). When fi^)exp <0.1, the method 
gives values of fi^j) which are more than 10% too low.

Method (c) gives values of which are in close agreement with
/(X)exp (within 1%) when /(X)g^p > 0.4. When f(X)g^p is low, this method 
is even less successful than method (b) . It gives values of f iX̂ ) which 
are more than 1 0 % too low when /(X)exp < 0 .2 .

When deriving tilt factors for the Quadrilateral model, overvoltage 
and atomic number trends were neglected and consequently the parameters 
will be predicted less accurately for some systems than for the case just 
considered. It is therefore interesting to conpare /(X) values obtained
using methods (a), (b) and (c) with /(X)exp/ for one such system. As an 
example, the çzf(pz) curve for gold at 2 5 keV and t = 40 ° was used. Values 
of pz.̂ , and (pz^pz)^ obtained directly from the <̂ {pz) curves at t = 90° 
and 40° are given in Table 18. The corresponding values for t = 40° 
derived using the tilt factors are also included. For this system it can 
be seen that the tilt factors predict a value of pz , which is n,7% lower 
than the corresponding tracer experiment value.

Nevertheless, it is evident from the fiX) plots in Figure 7.8b that
even with this 7% error in pz , method (a) (using the tilt factors) gives
values of /(X)tp which are in close agreement with /(X)gxp (relative errors
^ 1%) for values of fiX)exp > 0.4. When /(X)exp < 0.5, then /(X)tf//(X)^^P 
is less than unity, a relative error of 7% being reached when
/(X)exp = 0.1. Figure 7.8b again demonstrates that for most values of 
/(X)expf method (b) gives values of /(X^) which are too large (relative 
errors of up to 7%) . Method (c) is almost as good as using the tilt 
factors when fi^)exp  ̂0.5. When, however, f î ) exp <0.3, it gives 
values of f{X^) which are too low, and at /(X)gxp = 0 . 1 the relative 
error is 15%.

The comparisons of /(X)gxp with /(X) calculated using methods (a),
(b) and (c) , for the two cases which have been considered, illustrate 
general trends. It may be concluded, therefore, that the use of the 
expression X.̂ = Xgo (1 - 0.5 cos^x) gives values of /(Xx) which are in 
closer agreement with experiment than the use of = Xgo sinx, but that
the application of the tilt factors developed for the Quadrilateral model 
is superior to both, especially when absorption in the system is large.
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CHAPTER 8

Summary and Conclusions

Using the tracer technique, %-ray depth distributions have been 
measured in carbon, aluminium and gold at various incident electron 
energies. As well as producing results with t (the angle between the 
incident electron beam direction and the specimen surface) equal to 90°, 
experiments have been carried out with t = 60° and 40°.

%-ray depth profiles have been calculated using a simplified Monte 
Carlo method (Love et at. 1977), which is based upon a multiple scatter
ing model.

From a comparison of the above data it was concluded that the Monte 
Carlo method predicts too high a peak for the %-ray depth profiles, the 
discrepancy becoming worse at lower overvoltage ratios. Nevertheless, 
the general shape of the Monte Carlo curves was considered to be satis
factory.

The %-ray depth distributions, çẑ (pz) curves, obtained at normal in
cidence were employed to develop a new absorption correction for use in 
quantitative electron-probe microanalysis. The method involved a fitting 
procedure to the experimental g) (pz) curves, but rather than attempt to 
model the profile precisely, a simple quadrilateral shape was assumed. It 
was shown that this shape was viable for calculating the absorption factor, 
/(X) and that it could be characterised by just three parameters, K, p 
and pzn, which are respectively: the ratio of the peak height to the
value of (pz) at the surface; the mass depth at which the peak of the
distribution occurs; and a point close to the X-ray range in the target 
which is related to the mean depth pz. Using the ̂ (pz) data, formulae
have been developed for pz, K and pz^ in terms of overvoltage ratio,
atomic number and backscatter coefficient.

In order to test the new absorption correction, a collection of micro
analysis measurements has been prepared. This has involved, firstly, an 
assessment of published data and, secondly, the production of some new 
results, including light element measurements.
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For assessment purposes the Quadrilateral model absorption correction 
was combined with atomic number and characteristic fluorescence corrections 
and then applied as a ZAF routine to the microanalysis data. As well as 
testing the Quadrilateral model, four other methods have been studied. The 
first was the simplified Philibert method (Philibert, 1963), which is a 
very widely used procedure and thus provided a 'standard' for comparing the 
performance of other models. The others were the (pz) curve-fitting 
methods of Tanuma and Nagashima (1983), Bast in et at. (1984a) and Love and 
Scott (1978).

The Quadrilateral model performed very satisfactorily when applied to 
both heavy and light element results. An rms error of 2.9% was obtained 
for the Z > 10 data, which is of similar magnitude to experimental errors 
in the data. The 4.8% rms error achieved with the oxide and fluoride 
data appears to be a little less satisfactory, but this may be due, in 
part, to the use of less accurate mass absorption coefficients.

Correction models by Tanuma and Nagashima, Bastin et at. and Love and 
Scott have all been shown to offer some improvement over the simplified 
Philibert method, but none performed as well as the Quadrilateral model, 
particularly when applied to light element (Z < 10) data.

Although errors in the absorption correction usually outweigh any in 
the atomic number correction, an assessment of different atomic number 
corrections has, nevertheless, been included. Results showed that the 
method of Love et at. (1978a) was superior to the other two methods evalu
ated.

Tilt factors have been developed which extend the applicability of the 
Quadrilateral model to systems at non-normal incidence to the electron 
beam direction. Preliminary tests have shown that this approach gives 
more accurate /(X) data for tilted specimens than the use of previously 
proposed approximations, especially if absorption is high.

Finally, as regards any future work, it would be valuable to obtain 
microanalysis measurements from samples of known composition at non-normal 
incidence of the electron beam, in order to provide a more rigorous test 
of the tilt factors.
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APPENDIX A

The ĝ ipz) curves from the tracer experiments are the distribution of 
X-ray generation with depth, absorption having been corrected for already. 
The total intensity of X-ray generation I-joT Given by the area beneath the 
çi(pz) curve is a combination of the intensity produced directly by electrons 
(Idir) and also by fluorescence from the continuum (I^p). The ratio 
6 ' = Icp/iDIR' the ^{pz) curves under consideration may be calculated
from Springer's (1967) expression, neglecting his term for absorption. For 
the case of La radiation in element A being fluoresced.

6 ' =
"CF
DIR

= 3.13 X 10- 6

(A) - 1
'III

î III (A)r^ (A)r (A)Lii Lj

(li/p )

(li/p)
hi.

where (ji/p)lĵ  is the mass absorption coefficient on the high energy side of 
the L absorption edge of element A [ (ji/p ) ̂  refers to the pure element A 
and (p/p)lj_ to the sample] . In the case of the tracer samples, these ap- 
proximate to pure elements, so the ratio (u/p ) / (h/p )p,̂  = 1 - /
tl and r^^ are the absorption edge "jump ratios" for the L%, L^^ and 
L^^^ absorption edges. Springer (1967) has suggested that the function in 
the square brackets may be approximated by: 0.548 - 0.00231 Z. The ex
pression for Icp/IpiR may therefore be written as

CF = 3.13 X 10"® (0.546 - 0.00231Z)A.Z.E,
DIR

where Eg is the critical excitation energy of the L^^^ edge in Bi and is given 
by the expression of Springer and Nolan (1976).

The area of the ^ (pz) curve due to continuum fluorescence may now be 
calculated from

= I (1 + 1/Ô') .
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The depth distribution of J-rays generated by continuum fluorescence 
has been calculated using the method of Green (1962).

It is assumed that the continuum radiation giving rise to fluorescence 
is emitted isotropically from a mass depth pz' below the target surface.
The assumption of a compact source is justified by the fact that directly 
excited radiation is produced close to the specimen surface, whereas con
tinuum %-ray production occurs over very much larger depths.

The number of continuum photons per incident electron crossing an 
annulus at a mass distance pr from the source and at a depth pz" below it 
(see Figure A.l), is given by

N(EJdE. 2j[P£3iBlP£â6exp(-(4/p)gpr] 
477 (pr ) ̂

where (p./p )̂  is the mass absorption coefficient for X-rays of energy E, 
and N(E) is the number of photons per incident electron, per unit energy 
interval at energy E, given by Kramers' law (Section 1.1.2).

The number of photons absorbed in this annuls is
- (u/P)

iN(E)dE. sin6 e (|i/p )g-dpr.d9

By a change of variable, the number of continuum X-rays absorbed in a layer 
element of mass thickness dpz" can be written

pz

= -iN(E) (h/p ) g Ei(-Mpz") . dpz" . dE 

where Eĵ (-X) is the exponential integral calculated from 

Eĵ (-X) = 0.577215665 + Inx + I (-1)n x^
n= 1 n.n ;



Electron beam

# # # # # #

Fig.A.1 Absorption of the continuum 

radiation in specimen.
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The fraction of indirect ionisation produced by the whole continuous 
spectrum in an element of thickness dpz" at a depth pz" is then given by

/(pz")dpz" =

-N(E) (|l/p)g.E^I-(h/p)^pz"]dpz" . dE

.r:(E)dE

g . W p ) g  E^ [- (p/p)gpz"] dpz" dE

/(pz")dpz" = — -------------------------------------------------------(1)
E^(uoInuo - UQ + 1 )

This is evaluated using numerical integration.

Since it has been assumed that continuum %-rays are emitted isotropically 
from a source of a depth pz' below the surface, equation (1 ) may be used to 
obtain /(pz")dpz" at a distance pz" both above and below the source. Green 
(1962) suggests that pz' is taken as the mean depth of direct X-ray pro
duction. In this work, pz' is taken as the mean depth of the measured X- 
ray depth distribution.

It is ensured that the sum, over all depths of /(pz")dpz" is equal to 
unity. Then the depth distribution of X-radiation generated by continuum 
fluorescence is obtained from / (pz")dpz".5' for each depth. Figures A.2,
A. 3 and A. 4 show ^(pz) curves for gold at 29, 25, and 20 keV respectively, at 
normal electron incidence, before correction for continuum fluorescence, with 
the corresponding distributions of X-rays generated by the continuum. The 
continuum contribution has been subtracted to obtain the data given in Table 
7, (Section 5.3).

In the case of specimens at non-normal incidence to the electron beam, 
the same approach as that described above is adopted. In deriving equation 
(1), it was assumed that continuum X-rays are emitted isotropically from a
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source at a depth pz' below the surface, where pz' was taken as the mean 
depth of the measured ^(pz) curve. Equation (1) may therefore be applied 
to tilted specimen geometries if pz" is measured normal to the specimen 
surface and the appropriate value of pz' is used. The expression for 6 ' 
will not alter for tilted samples, since in its derivation it is assumed 
that all the continuous %-rays are generated at the surface of the sample.
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APPENDIX B

TABLE Bl. SUMMARY OF HEAVY FLEMENT MICROANALYSIS DATA AND IMPORTANT CONSTANTS 
FOR 554 BINARY SYSTEMS. (I) REFERS TO THE ELEMENT BEING ANALYSED AND (2)
PERTAINS TO THE OTHER BINARY CONSTITUENT. ElUOR CODE TAKES A VALUE OE 1 OR 0 
ACCORDING TO WHETHER A CHARACTERISTIC FLUORESCENCE CORRECTION HAS BEEN APPLIED 
OR NOT.

THE SYSTEM NUMBERS HAVE THE FOLLOWING REFERENCES : 1 -492 LOVE et. al  ̂1975) 1
500-678 HEINRICH et al (1971); 711-818 PRESENT INVESTIGATION. SYSTEM NUMBERS ARE 
NOT SEQUENTIAL OR CONTINUOUS, BECAUSE SYSTEMS HAVE BEEN REMOVED AND 

REARRANGED TO HELP IN THE ASSESSMENT OF CORRECTION PROCEDURES.

SYSTEM
NUMBER

ATOMIC 
( 1 )

NUMBER
(2)

CRITIC EXCIT 
ENERGY

( 1 )
WEIGHT 
FRACTION 

( 1 )

INT.RATIO 
( 1 )

PROBE
VOLTAGE

TAKE-OFF
ANGLE

ELUOR
CODE

9 29 79 8.98 .794 . 789 30 15.5 1
23 79 47 11.92 . 199 .186 30 15.5 1
103 29 79 8.98 .8 .798 16,8 16 1
24 79 47 11.92 . 405 .399 30 15.5 1
25 79 47 11.92 .594 .593 30 15.5 1
26 79 47 11.92 .804 .78 30 15.5 1
63 92 8 17. 16 .881 .826 30 15.5 0
64 92 6 17.16 .952 .924 30 15.5 0
65 92 8 17.16 . 882 .837 28.5 15.2 0
66 92 13 17.16 .815 . 725 28.5 15.2 0
68 29 13 8.98 .536 . 496 28.5 16 0
69 40 14 17.99 .62 .544 28.5 15 0
70 40 14 17.99 . 796 .748 28.5 15 0
71 40 13 17.99 .53 .472 28.5 15 0
72 40 8 17.99 .945 .92 28.5 15 0
74 79 25 11.92 . 766 .683 28 . 5 17.3 0
75 79 31 11.92 .739 .718 28.5 17.3 0
76 79 47 11.92 .5 .47 30 17.3 1
77 79 47 11.92 .5 . 45 19.4 17.3 0
82 79 29 11.92 . 6 .514 22.5 17.3 0
83 79 29 11.92 . 6 .5 19.8 17.3 0
84 79 29 11.92 .6 . 498 16.8 17.3 0
86 79 29 11.92 .2 .146 28.2 17.3 0
87 79 29 11.92 .2 .147 22.5 17.3 0
88 79 29 11.92 .2 . 145 19.8 17.3 0
89 79 29 11.92 .2 . 147 16.8 17.3 0
92 79 29 11.92 .8 .737 28.2 17.3 0
97 29 79 8.98 .762 .758 28.5 17.3 1
99 29 79 8.98 . 4 .362 33.9 17.1 1
100 29 79 8.98 . 4 . 398 28.2 17. 1 1
101 29 79 8.98 . 4 .426 22.5 16 1
102 29 79 8.98 . 4 .456 16.8 16 1
104 28 13 8.33 .421 .36 10 16.2 0
105 28 13 8.33 .421 .37 15 16.2 0
106 28 13 8.33 . 421 .38 20 16.2 0
107 28 13 8.33 .421 .385 25 16.2 0
108 28 13 8 . 33 .421 .385 30 16.2 0
109 28 13 8.33 .421 . 385 35 16.2 0
110 28 13 8 . 33 .592 .525 10 16.2 0
111 28 13 8.33 .592 .54 15 16.2 0
112 28 13 8.33 .592 .555 20 16.2 0
113 28 13 8.33 .592 .56 25 16.2 0
114 28 13 8.33 .592 .56 30 16.2 0
115 28 13 8.33 .592 .56 35 16.2 0
116 26 13 7.11 .408 . 36 10 16.5 0
117 26 13 7.11 .408 .362 15 16.5 0
118 26 13 7.11 . 408 .365 20 16.5 0
119 26 13 7.11 . 408 .367 25 16.5 0
120 26 13 7.11 . 408 .37 30 16.5 0
121 26 13 7.11 .408 .37 35 16.5 0
122 22 13 4.96 .372 .32 10 17.3 0
123 22 13 4.96 .372 .317 15 17.3 0
124 22 13 4.96 .372 . 307 20 17.3 0
128 92 13 17.6 .746 .644 31.5 15.6 0
129 92 13 17.6 . 688 .578 31 .5 15.6 0
130 92 6 17.6 .952 .92 31.5 15.6 0
131 92 6 17.6 . 908 .866 31 .5 15.6 0
132 92 28 17.6 .67 .58 31.5 15.6 0
133 92 28 17.6 .448 .353 31 .5 15.6 0
134 92 26 17.6 .681 .586 31 .5 15.6 0
135 92 22 17.6 . 554 .474 31 .5 15.6 0
136 92 22 17.6 .833 .779 31.5 15.6 0
137 92 22 17.6 .952 .937 31.5 15.6 0
138 92 29 17.6 . 428 .343 31 .5 15.6 0
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SYSTEM
NUMBER

ATOMIC 
< 1 )

NUMBER 
( 2 )

CRITIC EXCIT 
ENERGY

( 1 )
WEIGUT 
FRACTION 

( 1 )

INT . RATIO 
( 1 )

PROBE
VOLTAGE

TAKE-OFF
ANGLE

FLUOR
CODE

139 92 32 17.6 .522 .436 31.5 15.6 0
140 92 50 17.6 . 401 . 371 31 .5 15.6 0
142 26 8 7.11 . 697 .642 12 40 0
143 26 8 7.11 .697 .647 15 40 0
144 26 8 7.11 .697 . 654 20 40 0
145 26 8 7.11 .697 .661 25 40 0
146 26 8 7.11 .697 .665 29 40 0
147 26 8 7.11 . 7 . 649 29 20 0
194 92 6 3 . 72 .908 .855 10 52.5 0
195 92 6 3 .72 . 908 .868 15 52 . 5 0
196 92 6 3 . 72 .908 .878 20 52.5 0
200 92 7 3.72 . 944 .909 10 52 . 5 0
201 92 7 3.72 .944 .918 15 52.5 0
202 92 7 3.72 .944 .926 20 52.5 0
206 92 14 3.72 .962 .939 10 52.5 0
207 92 14 3 . 72 .962 .943 15 52 . 5 0
208 92 14 3 . 72 .962 .946 20 52.5 0
212 92 15 3 . 72 .884 .822 10 52.5 0
213 92 15 3 . 72 . 884 .831 15 52.5 0
218 92 16 3 . 72 . 881 .814 10 52.5 0
219 92 16 3 . 72 .881 .821 15 52.5 0
224 92 26 3.72 . 962 .944 10 52.5 0
237 22 8 4 . 96 .599 .582 30 20 0
238 24 8 5 . 99 .684 .664 40 20 0
239 24 8 5 . 99 .684 .639 30 20 0
240 24 8 5 . 99 . 684 . 639 20 20 0
241 26 8 7.11 .699 . 653 40 20 0
242 26 8 7.11 . 699 .653 30 20 0
243 26 8 7.11 . 699 .653 20 20 0
244 26 8 7.11 . 699 . 624 10 20 0
246 40 8 2 . 22 .74 .643 10 20 0
249 48 16 3 . 54 . 778 .671 10 20 0
253 74 42 10.2 . 8 . 772 20 52,5 0
254 74 42 10.2 .8 . 742 15 52.5 0
255 74 42 2.8 . 8 . 726 10 52.5 0
262 26 13 7.11 . 759 . 748 30 52.5 0
263 26 13 7.11 . 759 . 742 25 52.5 0
264 26 13 7.11 . 759 .736 20 52.5 0
272 25 51 6.53 .474 .46 15 20 0
273 25 51 6.53 . 474 . 421 20 20 0
276 33 31 11.86 .518 .492 15 20 0
277 33 31 11.86 .518 .477 20 20 0
278 33 31 11.86 .518 . 465 25 20 0
279 33 31 11.86 .518 . 446 30 20 0
282 33 49 11.86 .395 . 405 20 20 0
283 33 49 11.86 . 395 .394 25 20 0
284 33 49 11.86 .395 . 385 30 20 0
285 33 49 11.86 . 395 . 377 35 20 1
286 42 14 20 .631 .56 30 20 0
287 42 14 20 .631 .567 35 20 0
293 49 15 3.73 . 787 .718 10 20 0
299 49 33 3.73 .605 .569 10 20 0
305 49 51 3.73 . 485 . 492 10 20 1
308 51 25 4.13 .526 . 498 10 20 1
309 51 25 4.13 .526 .53 15 20 1
315 51 31 4.13 . 636 .599 10 20 0
321 51 49 4.13 .515 .53 10 20 0
324 28 26 8.33 .098 .097 10 75 0
325 28 26 8.33 .098 .092 15 75 0
326 28 26 8.33 .098 .089 20 75 0
327 28 26 8 . 33 .098 . 086 25 75 0
328 28 26 8 .33 .098 .084 30 75 0
341 28 26 8 . 33 . 098 .098 10 20 0
405 23 14 5.46 . 44 10 75 0
406 23 1 4 5 . 46 . 431 15 75 0
407 23 14 5 . 46 .436 20 75 0
408 23 1 4 5 . 46 . 43 25 75 0
409 23 14 5 . 46 .431 30 75 0
410 23 14 5 . 46 .433 35 75 0
411 24 14 5 . 46 .415 40 75 0
412 23 14 5 . 46 .447 10 52 . 5 0
413 23 1 4 5 . 46 .442 15 52.5 0
414 23 14 5 . 46 .433 20 52.5 0
415 23 14 5.46 .427 25 52 . 5 0
416 23 14 5.46 .408 30 52 . 5 0
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SYSTEM
NUMBER

ATOMIC 
( 1 )

NUMBER 
( 2 )

CRITIC EXCIT 
ENERGY

( 1 )
WF IGHT 
FRACTION 

( 1 )

INT.RATIO 
( 1 )

PROBE
VOLTAGE

TAKE-OFF
ANGLE

FLUOR
CODE

417 23 14 5 . 46 . 47 . 431 10 20 0
418 23 14 5 . 46 .47 . 408 15 20 0
419 23 14 5.46 . 47 . 405 20 20 0
420 23 14 5 . 46 .47 .414 25 20 0
424 41 23 2 . 37 .08 .073 10 75 1
425 41 23 2.37 .08 .075 15 75 1
426 41 23 2.37 .08 .072 20 75 1
443 82 16 13.04 .866 .807 20 75 0
444 82 16 13.04 .866 .809 25 75 0
445 82 16 13.04 .866 .813 30 75 0
446 82 16 13.04 .866 .818 35 75 0
447 82 16 13.04 . 866 .826 40 75 0
448 26 16 7.11 .446 . 406 10 75 0
449 26 16 7.11 . 466 .421 12 75 0
450 26 16 7.11 .466 .425 15 75 0
451 26 16 7.11 . 466 .425 20 75 0
452 26 16 7.11 .466 .422 25 75 0
453 26 16 7.11 . 466 .419 30 75 0
454 30 16 9.66 .671 .62 15 75 0
455 30 16 9 . 66 .671 .62 20 75 0
456 30 16 9.66 .671 .626 25 75 0
457 30 16 9.66 .671 .628 30 75 0
460 29 79 8.98 . 199 .213 25 18 1
461 29 79 8.98 .396 .417 25 18 1
462 29 79 8 . 98 .599 .62 25 18 1
463 29 79 8.98 . 79 .807 25 18 1
464 79 29 11.92 .201 . 149 25 18 0
465 79 29 11.92 . 401 .314 25 18 0
466 79 29 11.92 .604 .513 25 18 0
467 79 29 11.92 .801 .741 25 18 0
468 29 30 8 . 98 . 729 .73 25 18 0
469 30 29 9 . 66 . 271 . 273 25 18 0
474 74 42 1.8 .785 . 764 5 18 0
475 42 74 2.52 .215 .23 5 18 0
476 26 24 7.11 . 902 .87 20 18 0
477 26 24 7.11 .902 .887 10 18 0
478 73 6 9.88 .938 .912 20 18 0
480 41 6 2 . 37 .886 . 868 7 18 0
483 28 26 8.33 .563 .507 20 18 0
484 28 26 8.33 .63 .568 20 18 0
485 28 26 8.33 .895 .869 20 18 0
489 79 47 11.92 .8 . 767 20 18 0
490 79 47 11.92 .601 .559 20 18 0
491 79 47 11.92 .4 .359 20 18 0
492 79 47 11.92 .224 . 199 20 18 0
1 28 78 8.33 .551 .56 30 15.5 1
2 28 78 8.33 .297 .305 30 15.5 1
3 28 78 8.33 . 164 . 166 30 15.5 1
4 28 78 8.33 .065 .067 30 15.5 1
5 78 28 11.56 .449 .345 30 15.5 0
6 78 28 11.56 . 703 .58 30 15.5 0
7 78 28 11.57 .836 .775 30 15.5 0
8 78 28 11.56 .935 .884 30 15.5 0
10 29 79 8.98 .598 .585 30 15.5 1
11 29 79 8.98 .399 .386 30 15.5 1
12 29 79 8.98 .201 .194 30 15.5 1
13 79 29 11.92 .206 .152 30 15.5 0
14 79 29 11.92 .402 .324 30 15.5 0
15 79 29 11.92 .601 .505 30 15.5 0
16 79 29 11.92 .799 .73 30 15,5 0
34 73 44 9.88 .165 .16 30 15.5 1
35 73 44 9.88 . 309 .289 30 15.5 1
36 73 44 9.88 .434 .414 30 15.5 1
37 73 44 9.88 . 544 .532 30 15.5 1
38 73 44 9 . 88 . 642 .635 30 15.5 1
39 73 44 9.88 . 807 .8 30 15.5 1
40 73 44 9 . 88 . 941 .96 30 15.5 1
42 74 44 10.2 .438 . 444 30 15.5 1
43 74 44 10 . 2 .645 .655 30 15.5 1
44 74 44 10.2 . 809 .825 30 15.5 1
45 74 44 10,2 .942 .965 30 15.5 1
67 92 13 3. 55 .815 .728 1 1 15.4 0
78 79 29 11.92 .238 . 174 28.5 17.3 0
79 79 29 11.92 .527 .433 28.5 17.3 0
80 79 29 11.92 .6 .502 33 . 9 17.3 0



- 121 -

T A B L E  Bl. C O N T I N U E D

SYSTEM
NUMBER

ATOMIC 
(i )

NUMBER 
( 2 )

CRITIC EXCIT 
ENERGY

( 1 )
WEIGHT 
FRACTION 

( 1 )

INT.RATIO 
( 1 )

PROBE
VOLTAGE

TAKE-OFF
ANGLE

FLUOR
CODE

81 79 29 11.92 . 6 .51 28 . 2 17.3 0
85 79 29 11.92 . 2 . 14 33 . 9 17.3 0
90 79 29 11.92 . 4 .31 28.2 17.3 0
91 79 29 11.92 .025 .016 28 . 2 17.3 0
98 29 79 8 . 98 .473 .47 28.5 16 1
125 22 13 4 . 96 .372 .295 25 17.3 0
126 22 13 4 . 96 . 372 .28 30 17.3 0
127 22 13 4 . 96 .372 . 265 35 17.3 0
141 92 77 17.6 .381 .313 31 .5 15.6 0
175 39 12 2 . 4 . 594 . 443 16.5 16.5 0
197 92 6 3.72 .908 .889 25 52.5 0
198 92 6 3.72 .908 .898 30 52.5 0
199 92 6 3 . 72 .908 .907 35 52.5 0
203 92 7 3.72 .944 .933 25 52.5 0
204 92 7 3.72 .944 .938 30 52.5 0
205 92 7 3 . 72 . 944 .943 35 52.5 0
209 92 14 3 . 72 .962 .948 25 52.5 0
210 92 14 3.72 .962 .949 30 52 . 5 0
211 92 14 3.72 .962 .95 35 52.5 0
214 92 15 3.72 .884 .838 20 52.5 0
215 92 15 3 . 72 .884 .843 25 52.5 0
216 92 15 3.72 .884 .845 30 52 . 5 0
217 92 15 3.72 .884 .847 35 52.5 0
220 92 16 3.72 .881 .827 20 52 . 5 0
221 92 16 3 . 73 .881 .829 25 52.5 0
222 92 16 3.72 .881 .829 30 52.5 0
223 92 16 3.72 . 881 .827 35 52.5 0
225 92 26 3 . 72 . 962 .949 15 52 . 5 0
226 92 26 3 . 72 . 962 .953 20 52.5 0
227 92 26 3.72 .962 .956 25 52 . 5 0
228 92 26 3 . 72 .962 .958 30 52.5 0
229 92 26 3 . 72 . 962 . 96 35 52.5 0
245 40 8 2.22 . 74 .649 20 20 0
247 48 16 3.54 .778 . 643 30 20 0
248 48 16 3.54 . 778 . 665 20 20 0
250 28 23 8.33 .2 . 164 30 30 0
251 28 47 8.33 .2 . 173 30 30 1
274 25 51 6.53 .474 .385 25 20 0
275 25 51 6.53 .474 . 35 30 20 0
280 33 31 11.86 .518 .428 35 20 0
288 42 14 2.52 .631 . 485 10 20 0
289 42 14 2.52 .631 . 454 15 20 0
290 42 14 2.52 .631 .413 20 20 0
291 42 14 2.52 .631 .377 25 20 0
292 42 14 2.52 . 631 . 354 30 20 0
294 49 15 3.73 .787 .717 15 20 0
295 49 15 3.73 .787 .709 20 20 0
296 49 15 3.73 . 787 .691 25 20 0
297 49 15 3.73 . 787 .677 30 20 0
298 49 15 3.73 .787 .674 35 20 0
300 49 33 3.73 .605 .563 15 20 1
301 49 33 3.73 .605 .539 20 20 1
302 49 33 3.73 .605 .521 25 20 1
303 49 33 3.73 .605 .498 30 20 1
304 49 33 3.73 .605 .5 35 20 1
306 49 51 3.73 .485 .499 20 20 1
307 49 51 3 . 73 . 485 . 494 30 20 1
310 51 25 4.13 .526 .534 20 20 1
312 51 25 4 .13 .526 .551 25 20 1
313 51 25 4.13 .526 .574 30 20 1
314 51 25 4.13 .526 .579 35 20 1
316 51 31 4.13 .636 .598 15 20 1
317 51 31 4.13 .636 .594 20 20 1
318 51 31 4.13 .636 .58 25 20 1
319 51 31 4.13 .636 .571 30 20 1
320 51 31 4 .13 .636 .571 35 20 1
322 51 49 4.13 .515 .541 20 20 0
323 51 49 4.13 .515 .543 30 20 0
329 28 26 8.33 .098 .078 35 75 0
340 28 26 8.33 .098 .075 40 75 0
343 28 26 8 . 33 .098 . 08 20 20 0
344 28 26 8 . 33 . 098 . 074 25 20 0
345 28 26 8 . 33 .098 .066 30 20 0
281 33 49 11.86 .395 .418 15 20 0
346 28 26 8 .33 .098 .057 35 20 0
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SYSTEM
NUMBER

ATOMIC 
( 1 )

NUMBER 
( 2 )

CRITIC EXCIT 
ENERGY

( 1 >
WEIGHT 
FRACTION 

( 1 )

INT . RATIO 
( 1 )

PROBE
VOLTAGE

TAKE-OFF
ANGLE

FLUOR
CODE

347 28 26 8.33 .098 .048 40 20 0
488 28 26 8 . 33 , 198 .161 20 18 0
421 23 14 5 .46 .47 . 384 30 20 0
422 23 14 5.46 .47 . 378 35 20 0
423 23 14 5 . 46 .47 .358 40 20 0
427 4 1 23 2.37 . 08 .073 25 75 1
428 41 23 2 . 37 .08 .071 30 75 1
429 4 1 23 2 . 37 .08 .071 35 75 1
430 4 1 23 2.37 . 08 .068 40 75 1
433 4 1 23 2 .37 . 08 .073 20 52.5 1
434 41 23 2.37 .08 .07 25 52.5 1
435 41 23 2.37 . 08 .065 30 52.5 1
458 48 12 3.54 .55 . 454 30 52.5 0
459 48 12 3.54 . 72 .639 30 52. 5 0
470 22 41 4.96 .35 .241 25 18 1
471 41 22 2.37 .65 .599 25 18 1
472 74 42 10.2 .785 .764 30 18 1
479 73 6 1.72 .938 .914 7 18 0
482 28 26 8.33 .051 .04 20 18 0
486 28 26 8.33 . 1 .079 20 18 0
487 28 26 8.33 .2 .161 20 18 0
500 79 47 11.919 . 2243 .203 15 52.5 1
501 79 47 11 .919 .2243 .203 20 52.5 1
502 79 47 11 .919 .2243 .211 30 52.5 1
503 79 47 11.919 . 2243 .216 40 52.5 1
504 79 47 11.919 . 2243 .214 48 . 5 52 .5 1
505 79 47 11 .919 . 4003 . 368 15 52.5 1
506 79 47 11 .919 . 4003 . 366 20 52.5 1
507 79 47 11.919 .4003 . 376 30 52.5 1
508 79 47 11 .919 . 4003 .384 40 52.5 1
509 79 47 11.919 . 4003 .385 48.5 52.5 1
510 79 47 11 .919 .6005 .566 15 52.5 1
511 79 47 11.919 . 6005 .573 20 525 1
512 79 47 11.919 .6005 .58 30 52.5 1
513 79 47 11 .919 . 6005 .584 40 52.5 1
514 79 47 11.919 .6005 .584 48.5 52.5 1
515 79 47 11.919 . 8005 . 789 15 52.5 1
516 79 47 11.919 .8005 .783 20 52 . 5 1
517 79 47 11 .919 . 8005 . 783 30 52.5 1
518 79 47 11.919 .8005 .79 40 52.5 1
519 79 47 11.919 .8005 . 788 48.5 52.5 1
521 79 47 2.225 .2243 .201 10 52.5 0
522 79 47 2 . 225 .2243 .197 20 52.5 0
523 79 47 2.225 .2243 . 192 30 52.5 0
524 79 47 2.225 .2243 . 185 40 52.5 0
525 79 47 2.225 .2243 . 181 48.5 52.5 0
527 79 47 2.225 .4003 . 362 10 52.5 0
528 79 47 2.225 .4003 . 364 20 52.5 0
529 79 47 2.225 .4003 . 351 30 52.5 0
530 79 47 2.225 .4003 . 344 40 52.5 0
531 79 47 2.225 .4003 .337 48.5 52.5 0
533 79 47 2 . 225 .6005 .559 10 52.5 0
534 79 47 2.225 .6005 .551 20 52.5 0
535 79 47 2.225 .6005 .547 30 52.5 0
536 79 47 2.225 .6005 .541 40 52.5 0
537 79 47 2.225 .6005 .537 48.5 52.5 0
539 79 47 2.225 .8005 .771 10 52.5 0
540 79 47 2.225 .8005 .764 20 52.5 0
541 79 47 2.225 .8005 . 766 30 52.5 0
542 79 47 2.225 .8005 .761 40 52 .5 0
543 79 47 2.225 .8005 .755 48.5 52.5 0
544 47 79 3.352 .1996 .223 5 52.5 1
545 47 79 3. 352 .1996 .191 10 52.5 1
546 47 79 3 . 352 . 1996 . 144 20 52 .5 1
547 47 79 3.352 . 1996 . 109 30 52.5 1
548 47 79 3 . 352 . 1996 .0887 40 52.5 1
549 47 79 3.352 . 1996 .0795 48 . 5 52 . 5 1
550 47 79 3 . 352 . 3992 .436 5 52.5 1
551 47 79 3 . 352 . 3992 . 386 10 52.5 1
552 47 79 3 . 352 . 3992 . 309 20 52 . 5 1
553 47 79 3 . 352 . 3992 .245 30 52 . 5 1
554 4 7 79 3 . 352 . 3992 . 208 40 5 2.5 1
555 47 79 3 . 352 . 3992 .181 48. 5 52.5 1
556 4 7 79 3 . 352 . 5993 .624 5 52 . 5 1
557 47 79 3 . 352 . 5993 . 584 10 52 . 5 1
558 4 7 79 3 . 352 . 5993 . 504 20 52.5 1
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■■ ■ ■SYSTEM
NUMBER

ATOMIC 
( 1 )

NUMBER
(2)

CRITIC EXCIT 
ENERGY

( 1 )
WEIGHT 
FRACTION 

< 1 )

INT.RATIO 
< 1 )

PROBE
VOLTAGE

TAKE-OFF
ANGLE

FLUOR
CODE

559 47 79 3.352 . 5993 . 426 30 52.5 1
560 47 79 3.352 . 5993 .375 40 52.5 1
561 47 79 3.352 . 5993 . 339 48.5 52.5 1
562 47 79 3.352 . 7758 .807 5 52.5' 1
563 47 79 3.352 . 7758 . 764 10 52.5 1
564 47 79 3.352 .7758 . 706 20 52.5 1565 47 79 3.352 . 7758 .636 30 52.5 1
566 47 79 3.352 . 7758 .586 40 52.5 1
567 47 79 3.352 .7758 .542 49.5 52.5 1
568 29 79 8 . 98 . 1983 .273 12 52.5 1
569 29 79 8 . 98 . 1983 .254 15 52.5 1
570 29 79 8.98 . 1933 .247 20 52.5 1
571 29 79 8.98 . 1983 .24 25 52.5 1
572 29 79 8.98 . 1983 . 235 30 52.5 1
573 29 79 8.98 . 1983 .218 40 52.5 1
574 29 79 8.98 . 1983 .218 48.5 52 .5 1
575 29 79 8 . 98 . 3964 .5 12 52.5 1
576 29 79 8.98 . 3964 . 48 15 52.5 1
577 29 79 8.98 . 3964 . 464 20 52.5 1
578 29 79 8.98 . 3964 .453 25 52.5 1
579 29 79 8.98 . 3964 .443 30 52.5 1
580 29 79 8.98 . 3964 .416 40 52.5 1
581 29 79 8.98 . 3964 .414 48.5 52.5 1
582 29 79 8.98 . 5992 .698 12 52.5 1
583 29 79 8 . 98 . 5992 .676 15 52.5 1
584 29 79 8.98 .5992 . 663 20 52.5 1
585 29 79 8.98 .5992 .651 25 52.5 1
586 29 79 8.98 . 5992 .644 30 52.5 1
587 29 ■ 79 8.98 . 5992 .616 40 52.5 1
588 29 79 8.98 .5992 . 604 48.5 52.5 1589 29 79 8.98 . 7985 . 869 12 52.5 1
590 29 79 8.98 . 7985 . 851 15 52.5 1
591 29 79 8.98 . 7985 .841 20 52.5 1
592 29 79 8.98 . 7985 .834 25 52,5 1
593 29 79 8.98 . 7985 .826 30 52.5 1
594 29 79 8.98 . 7985 .815 40 52.5 1
595 29 79 8.98 . 7985 .8 48.5 52.5 1
598 29 79 .933 . 1983 . 166 10 52 . 5 0
599 29 79 .933 . 1983 . 155 12 52.5 0
600 29 79 .933 . 1983 . 136 15 52.5 0
601 29 79 .933 . 1983 . 109 20 52.5 0
602 29 79 .933 . 1983 . 097 25 52.5 0
603 29 79 .933 . 1983 .087 30 52.5 0
604 29 79 .933 . 1983 .067 40 52.5 0
605 29 79 .933 . 1983 .069 48.5 52.5 0
608 29 79 .933 . 3964 . 354 10 52.5 0
609 29 79 .933 .3964 . 325 12 52.5 0
610 29 79 .933 .3964 . 295 15 52.5 0
611 29 79 .933 . 3964 .247 20 52 .5 0
612 29 79 .933 .3964 .219 25 52.5 0
613 29 79 .933 .3964 . 2 30 52.5 0
614 29 79 .933 .3964 . 166 40 52.5 0
615 29 79 .933 .3964 . 161 48.5 52.5 0
618 29 79 .933 .5992 .557 10 52.5 0
619 29 79 .933 .5992 .524 12 52.5 0
620 29 79 .933 .5992 . 484 15 52.5 0
621 29 79 .933 .5992 . 428 20 52.5 0622 29 79 . 933 .5992 .387 25 52.5 0623 29 79 .933 .5992 . 36 30 52.5 0624 29 79 .933 .5992 .313 40 52.5 0625 29 79 .933 .5992 .304 48.5 52.5 0628 29 79 .933 . 7985 . 764 10 52.5 0629 29 79 .933 .7985 . 747 12 52.5 0630 29 79 .933 .7985 .716 15 52.5 0631 29 79 .933 . 7985 .672 20 52.5 0632 29 79 .933 . 7985 .632 25 52.5 0632 29 79 .933 .7985 .602 30 52.5 0633 29 79 .933 .7985 .55 40 52.5 0634 29 79 .933 .7985 .544 48.5 52.5 0635 79 29 11.919 .2012 . 145 15 52.5 0636 79 29 11.919 .2012 . 158 20 52.5 0637 79 29 11.919 .2012 . 154 25 52.5 0638 79 29 11.919 .2012 .157 30 52.5 0639 79 29 11.919 .2012 , 164 40 52.5 0640 79 29 11.919 .2012 .152 48.5 52.5 0641 79 29 11.919 .401 .312 15 52.5 »



- 124 -
T A B L E  Bl. C O N T I N U E D
SYSTEM
NUMBER

ATOMIC
( 1 )

NUMBER 
( 2 )

CRITIC EXCIT 
ENERGY

( 1 )
WEIGHT 
FRACTION 

( 1 )

INT.RATIO 
< 1 )

PROBE
VOLTAGE

TAKE-OFF
ANGLE

FLUOR
CODE

642 79 29 11.919 . 401 .333 20 52.5 0
643 79 29 11.919 . 401 .331 25 52.5 0
644 79 29 11.919 . 401 .331 30 52.5 0
645 79 29 11.919 .401 . 35 40 52.5 0
646 79 29 1 1 .919 . 401 . 326 48.5 52.5 0
647 79 29 11.919 . 6036 .51 1 15 52.5 0
648 79 29 11 .919 . 6036 .531 20 52.5 0
649 79 29 11.919 . 6036 . 529 25 52.5 0
650 79 29 11.919 . 6036 .533 30 52.5 0
651 79 29 11.919 . 6036 .552 40 52.5 0
652 79 29 11.919 . 6036 .521 48.5 52.5 0
653 79 29 11.919 . 8015 .74 15 52.5 0
654 79 29 11.919 .8015 . 752 20 52.5 0
655 79 29 11.919 .8015 . 745 25 52 .5 0
656 79 29 11 .919 . 8015 .754 30 52.5 0
657 79 29 11.919 . 8015 . 758 40 52.5 0
658 79 29 11.919 . 8015 . 751 48.5 52.5 0
659 79 29 2.225 .2012 .157 5 52.5 0
660 79 29 2.225 . 2012 . 154 10 52 . 5 0
661 79 29 2 .225 . 2012 . 14 20 52.5 0
662 79 29 2.225 .2012 .122 30 52.5 0
663 79 29 2.225 .2012 . 1 1 40 52.5 0
664 79 29 2.225 . 401 .334 5 52.5 0
665 79 29 2.225 . 401 .332 10 52.5 0
666 79 29 2.225 . 401 .304 20 52.5 0
667 79 29 2.225 . 401 .275 30 52.5 0
668 79 29 2 . 225 . 401 . 253 40 52.5 0
669 79 29 2.225 . 6036 .533 5 52.5 0
670 79 29 2.225 . 6036 .531 10 52.5 0
671 79 29 2.225 . 6036 .5 20 52.5 0
672 79 29 2 . 225 . 6036 . 462 30 52 . 5 0
673 79 29 2 . 225 . 6036 .428 40 52 . 5 0
674 79 29 2.225 . 8015 .765 5 52 . 5 0
675 79 29 2.225 .8015 .749 10 52.5 0
676 79 29 2.225 .8015 . 728 20 52.5 0
677 79 29 2.225 .8015 . 704 30 52 . 5 0
678 79 29 2.225 .8015 . 675 40 52.5 0
718 28 13 8 .331 . 4204 .365 10 40 0
719 28 13 8.331 . 4204 .396 15 40 0
720 28 13 8.331 .4204 . 394 20 40 0
721 28 13 8.331 . 4204 .401 25 40 0
722 28 13 8 .331 .4204 . 402 30 40 0
723 28 13 8.331 . 4204 . 407 35 40 0
732 26 13 7.111 . 4083 .351 10 40 0
733 26 13 7.111 . 4083 .367 15 40 0
734 26 13 7.111 . 4083 . 364 20 40 0
735 26 13 7.111 . 4083 . 367 25 40 0
736 26 13 7.111 . 4083 . 367 30 40 0
737 26 13 7.111 . 4083 . 366 35 40 0
738 26 13 7.111 .4083 . 369 40 40 0
743 42 8 2.523 .67 .581 10 40 0
764 22 8 4 . 964 .59951 . 55 10 40 0
765 22 8 4.964 .59951 .558 15 40 0
746 28 8 8.331 .786 .717 10 40 0
768 28 8 8.331 . 786 .754 15 40 0
769 28 8 8.331 .786 .76 20 40 0
770 28 8 8 . 331 .786 .764 25 40 0
771 13 8 1.559 .5292 . 488 10 40 0
772 13 8 1 .559 .5292 .445 15 40 0
773 13 8 1.559 .5292 . 407 20 40 0
774 13 8 1 . 559 .5292 .377 25 40 0
792 42 8 2.523 .67 .539 5 40 0
793 42 8 2.523 .67 .599 15 40 0
794 22 8 4 .964 .59951 .562 20 40 0
796 40 8 2 .22 . 74 .682 10 40 0
797 40 8 2 .22 . 74 .699 15 40 0
805 29 13 8 . 98 .541 .456 10 40 0
806 29 13 8 . 98 .541 .491 15 40 0
807 29 13 8 . 98 .541 .501 20 40 0
808 29 13 8. 98 .541 .502 25 40 0
809 29 13 8 . 98 .541 .51 30 40 0
810 29 1 3 8 . 98 .541 .511 35 40 0
71 1 13 28 1 . 559 .5796 .626 5 40 1
712 13 28 1 . 559 .5796 .503 10 40 1
713 13 28 1 . 559 .5796 . 4 15 40 1
714 13 28 1 .559 .5796 .32 20 40 1
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SYSTEM
NUMBER

ATOMIC 
( 1 )

NUMBER 
( 2 )

CRITIC EXCIT 
ENERGY

( 1 )
WEIGHT 
FRACTION 

( 1 )

INT.RATIO 
( 1 )

PROBE
VOLTAGE

TAKE-OFF
ANGLE

FLUOR
CODE

715 13 28 1.559 .5796 . 257 25 40 1
725 13 26 1 .559 .5917 .554 10 40 1
726 13 26 1.559 .5917 . 465 15 40 1
727 13 26 1 .559 .5917 . 386 20 40 1
728 13 26 1 .559 .5917 . 326 25 40 1
744 1 4 6 1.838 . 7005 .654 5 40 0
745 1 4 8 1.838 .4675 .412 15 40 0
787 14 8 1 .838 . 4675 .424 5 40 0
747 14 8 1.838 . 4675 .419 10 40 0
775 14 6 1 . 838 . 701 .679 10 40 0
776 14 6 1 .838 . 701 .675 15 40 0
777 14 6 1 . 838 .701 .676 20 40 0
778 14 6 1 . 838 . 701 .667 25 40 0
779 12 8 1 . 303 .6031 .527 10 40 0
780 12 8 1 . 303 .6031 . 467 15 40 0
781 12 8 1 . 303 .6031 . 405 20 40 0
782 12 8 1 . 303 . 6031 .347 25 40 0
783 12 9 1 . 303 .3901 . 32 10 40 0
784 12 9 1 . 303 . 3901 .257 15 40 0
785 12 9 1 . 303 .3901 . 201 20 40 0
786 12 9 1 . 303 . 3901 . 159 25 40 0
789 12 8 1 . 303 .6031 .566 5 40 0
791 12 9 1.303 . 3901 .37 5 40 0
798 13 29 1 .559 . 459 . 381 10 40 1
799 13 29 1 . 559 .459 .288 15 40 1
800 13 29 1 . 559 . 459 . 22 20 40 1
801 13 29 1 .559 . 459 . 17 25 40 1
804 13 29 1 .559 .459 .491 5 40 1
811 74 6 10 . 198 .9387 .88 15 40 0
812 74 6 10. 198 .9387 .891 20 40 0
813 74 6 10.198 .9387 .908 30 40 0
814 74 6 10.198 .9387 .911 35 40 0
815 24 6 5.989 .8666 .792 10 40 0
816 24 6 5.988 .8666 . 798 15 40 0
256 42 74 2.52 .215 . 143 20 52.5 1
257 42 74 2.52 .215 . 164 15 52.5 1
258 42 74 2.52 .215 .212 10 52.5 0
544 47 79 3 . 352 . 1996 .223 5 52 .5 1
550 47 79 3 . 352 . 3992 .436 5 52 . 5 1
556 47 79 3.352 .5993 .624 5 52.5 1
562 47 79 3 . 352 .7758 .807 5 52.5 1
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APPENDIX C

Table C.1

Oxide and fluoride microanalysis data for 1-8 binary and ternary 
samples. Systems 1-14 from the present investigation ('jj = 40°) 
systems 15-18 from Love et aï. (1974b) = 35°). AI2 O 3 and

LiF standards

System
number

Chemical
formula 5 10

Probe voltage (kV) 
15 20 25 30

1 MgAl2 O14. 0.959 0.966 0.975 0.981 0.978 -

2 SiÜ2 1.07 1 . 0 1 0.990 0.948 0.953 -

3 M0 O 3 0.596 0.373 0.286 0.246 0.252 -

4 CaZrÜ3 0.48: 0 . ^ 8 6 0.213 2.192 0.195 -

5 NiO 0.507 0.476 0.478 0.485 0.505 -

6 PbMoOit 0.393 0.239 0.183 0.164 0.161 -

7 MgCr2 0 it 0.778 0 . 8 6 6 0.996 1 . 12 1.24 -

8 MgO 0.875 0.871 0.894 0.862 0.889 -

9 CaWOi, 0.506 0.320 0.262 0.233 0 . 2 2 2 -

10 CaF2 0.586 0.338 0 . 2 0 1 0.136 0.104 -

11 SrF2 0.442 0.258 0.166 0.117 0.090 -

12 NaF 0.685 0.609 0.563 0.528 0.473 -

13 MgF2 0.917 0.807 0.732 0.659 0.589 -

14 BaF2 0.415 0.310 0.252 0 . 2 1 0 0.180 -

15 Cr203 0.753 0 . 8 8 6 1.06 1.24 1.34 1.41

16 Fe203 0.723 0.782 0.887 0.960 1 . 0 2 1.03

17 Zr0 2 0.483 0.299 0.233 0 . 2 1 2 0.208 0 . 2 1 1

18 CaSiOs 0.683 0.425 0.365 0.322 0.330 0.330
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APPENDIX D

Table D1

(f)(pz) results from gold (bismuth tracer) ___ —

Tracer 
thickness 
Apz mgcm“^

Gold
thickness
pzmgcm-2

pz+Apz/ 2
mgcm-2

*(pz)

29keV 2 5keV 20keV

0.009 0.000 0.005 1 .57 1 .55 1.36
0.014 0.019 1.65 1 .65 1.39

0.030 0 . 0 0 0 0.015 1.62 1 .59 1.38
0.035 0.050 - 1.78 -
0.071 0.086 1.94 1 .80 1 .36
0 . 1 1 0 0.125 1.93 1 .75 -

II 0.149 0.164 1 .98 1 .73 1.15
II 0.220 0.235 1.82 - 0.77
II 0.220 0.235 1.86 1 .52 0.83
II 0.298 0.313 1 .64 1 . 2 0 0.56
II 0.391' 0.406 1.39 0.99 0.36

0.460 0.475 1.16 0.78 0.24
0.460 0.475 - - -
0.597 0.612 0.85 0.48 0.09

II 0.800 0.815 0.55 0.25 0.03
II 0.939 0.954 0.40 0.15 -

0 . 1 1 0 0.000 0.055 1.84 1.75 1 .40
II 0.169 0.224 1.82 1.51 0.86
II 0.798 0.853 0.52 0.23 0.03
II 1 . 2 0 0 1 .255 0.17 - -
II 1.601 1 .656 0.03 - -
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Table 02
4>(pz) results 1 rom gold (bismuth tracer) ___ _ _

Tracer 
thickness 
Apz mgcm”‘‘

Gold
thickness
pzmgcra”^

pz+Apz/2
mgcm-2

0(pz)

29keV 2 5keV 20keV

0.009 0.000 0.005 1.58 1 .55 1.48
0.014 0.019 1.59 1 .55 1.48

0.030 0.000 0.015 1.59 1.55 1.48
0.035 0.050 - - -

II 0.071 0^^6 1.52 1 .42 1.12
II 0.110 0.125 - - -
II 0.149 0.164 1.38 1.23 0.82
II 0.220 0.235 - - -
II 0.220 0.235 1 .21 0.99 0.57

0.298 0.313 0.99 0.77 0.37
0.391 0.406 0.84 0.60 0.23
0.460 0.475 0.71 0.47 0.15
0.460 0.475 - - -
0.597 0.612 0.50 0.30 0.05
0.800 0.815 0.31 0.15 0.02
0 .9 3g 0 . 9 5 4 0.21 0.09 -

0.110 0.000 0.055 1 .56 1 .52 1.37
II 0.164 0 . 2 2 4 - 1.01 0.50
II 0.798 0.853 0.28 - -
II 1 .200 1 .255 0.01 - -
II 1.601 1 .656 - - —
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Table Da
results fron aluminium (SiO tracer) T = 60°

Tracer
thickness
, -2
Apz mgcni

Aluminium
thickness

—2
pz mgcm

pz + Apz 0 (pz )

-2mgcm 20 keV 15 keV 10 keV

0.004 0.005 0.007 1 .40 1.43 1 .43
0.012 0 .0 00 0 .0 06 1 .39 1 .42 1 .42

" 0 .0 14 0 .020 1 .50 1 .65 1 .67
0 .0 23 0 .029 - 1 .75 1 .74
0 .0 28 0 .034 - 1 .81 1 .73

" 0.051 0 .057 1.82 2 .00 1 .70
" 0 .0 54 0 .060 - - -

0.065 0.071 - - -
" 0.075 0.081 - - -
" 0.097 0 .103 1 .97 1.97 1.26
" 0.147 0 .153 2.03 1 .81 0 .70

" 0 .147 0.153 2 .0 0 1 .83 0.72

0.197 0 .20 0 1.97 1 .57 0.31

0.267 0 .27 3 1 .89 1 .19 0 .07

" 0 .2 9 8 0.304 1 .73 0 .8 9 -
0.312 0 .3 18 1 .77 0.84 -
0.401 0 .407 1.33 0.37 -
0 .4 8 9 0 .495 1 .04 0.18 -

0 .0 43 0 .000 0 .022 1 .54 1 .67 1 . 6 8

0 . 0 1 0 0.032 1.60 1 .75 1 .73
0.401 0.423 - 0 .30 -

" 0 .495 0.517 0.87 0 .0 9 -
0 .592 0 .6 14 0 .5 9 - -
0 .7 3 8 0 .76 0 0 .2 4 - -
0 .738 0 .760 0.25 - -
0.855 0 .877 0 . 1 0 - -



— 130 —

Table D4

^(pz) results from aluminium (SiO tracer) T = 40'

Tracer
thickness

-2
Apz mgcm

Aluminium
thickness

—2
pz mgcm

pz 4- Apz 

-2 ^mgcm

0 (pz )

20 keV 15 keV 10 keV

0.004 0.005 0 .0 0 7 1 .51 1.53 1 .53
0 . 0 1 2 0 .0 0 0 0 . 0 0 6 1 .50 1 .51 1 .51

II 0.014 0 . 0 2 0 1 .65 1 .71 1 .61
II 0 . 0 2 3 0 . 0 2 9 1.77 1.75 1 .50
M 0 . 0 2 8 0 .0 3 4 1 .77 1 .76 1.43
II 0,051 0 .0 5 7 1 . 8 8 1 68 1.14
M 0 .0 5 4 0 . 0 6 0 - - -
II 0 .0 6 5 0.071 - - -
II 0 .0 7 5 0 .081 - - -
II 0 .09 7 0 . 1 0 3 1.75 1 .43 0.71
II 0.147 0 . 1 5 3 1 . 5 8 1 . 1 1 0 . 3 6

II 0.147 0 . 1 5 3 1 .54 1 . 1 1 0 . 3 7

II 0 .1 9 5 0 . 2 0 0 1.45 0.91 0.13
II 0 .2 6 5 0 . 2 7 3 1 .25 0 . 6 8 -
II 0 . 2 9 8 0 . 3 0 4 1 . 1 0 0 . 4 9 -
II 0 .3 1 2 0 . 3 1 8 1 . 1 1 0 . 5 3 -
II 0.401 0 .4 0 7 0 . 8 0 0 . 2 2 -
II 0 . 4 8 9 0 . 4 9 5 0 . 5 9 0 . 0 3 -
II 0 .5 9 2 0 . 5 9 8 0.31 - -

0 .0 4 3 0 . 0 0 0 0 .0 2 2 1 . 6 6 1 .72 1 . 5 9

0 . 0 1 0 0 .0 3 2 1 .77 1.76 1.43
II 0.401 0 . 4 2 3 - 0.14 -
II 0 .4 9 5 0.517 0 . 5 0 0 . 0 4 -
II 0 .5 9 2 0 .6 1 4 0 . 2 9 - -

0 . 7 3 8 0 . 7 6 0 - - -
0 . 7 3 8 0 . 7 6 0 0 . 0 8 - -
0 .8 5 5 0 .8 7 7 - - -
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Table Ds

^(pz) results from carbon (aluminium tracer) T = 60°

T racer
th ick ne ss
. -2  Apz mgcm

Carbon
th ic k n e s s

— 2
pz mgcm

pz + Apz 

-2^mgcm

(p (pz)

15 keV 10 keV 5 keV

0.001 0.000 0 . 0 0 1 1.17 1.15 1 .0 9

0.008 0 .009 1.22 1.23 1.08

0.002 0 . 0 0 0 0 . 0 0 1 1.16 1.14 1 .07
0.002 0.003 - - 1 . 1 2

0.003 0.004 - - 1 . 1 1

0 . 0 1 1 0.012 1.24 1.24 1.06

0.019 0 .020 1.30 1.36 0 . 8 6

0 .029 0 .030 1.37 1.37 0 .6 2

0 .029 0 .030 1.40 1 .41 0.57
" 0.038 0 .039 1.43 1.43 0 .3 4
" 0 .049 0.050 1 .49 1.42 0 .1 8
" 0.069 0.070 1 .6 0 1.31 0.02

0 .069 0.070 1.59 - 0 .0 3

0.082 0.083 1 .64 1.19 -
0.093 0.094 1 . 6 6 1 . 1 0 -
0.104 0.105 1 .67 1.02 -
0.104 0.105 1 .66 - -
0 .124 0.125 1 .61 - -
0.137 0 .138 1 .59 0.70 -
0 .156 0.157 1 .53 - -
0 .156 0.157 1 .56 - -
0 .178 0.179 1 .47 0 .3 6 -
0 .196 0.197 1 .38 0 . 2 1 -
0 .230 0.231 1.22 0 .0 9 -
0 .259 0 .260 1 .03 0 .0 3 -
0.310 0.311 0 . 7 9 - -
0.361 0.362 0 .5 3 - -
0 .390 0.391 0 .3 6 - -

" 0.433 0.434 0 .1 9 - -
" 0.479 0 .480 0 .0 8 - -

0 .0 0 3 0 .0 0 0 0.002 1 . 18 1 . 15 1 . 1 0

" 0 . 0 0 8 0 . 0 1 0 1 .2 2 1.24 1 .09
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Table D6

4>{pz) results from carbon (aluminium tracer) T = 40'

Tracer
thickness

— 2
Apz mgcm

Carbon
thickness

-2
pz mgcm

pz 4- Apz
(pz)

-2 ^mgcm 15 keV 10 keV 5 keV

0 . 0 0 1 0 . 0 0 0 0 . 0 0 1 1.19 1.27 1 . 0 2

0.008 0.009 1.31 1.33 0.87
0 . 0 0 2 0 . 0 0 0 0 . 0 0 1 1 . 2 0 1.27 1 . 0 1

0 . 0 0 2 0.003 - - 1 .01
0.003 0.004 - - 0.94
0 . 0 1 1 0 . 0 1 2 1.36 1.34 0.83
0.019 0 . 0 2 0 1 .40 1.35 0.56
0.029 0.030 1.51 1.27 0.33
0.029 0.030 1.46 - 0.34

" 0.038 0.039 1.48 1 .15 0.16
" 0.049 0.050 1.47 1.06 0.08

0.069 0.070 1 .41 0.85 -
0.082 0.083 1.35 - -
0.093 0.094 - 0 . 6 6 -
0.104 0.105 1.23 - -
0.124 0.125 1.15 0.42 -
0.137 0.138 - - -
0.156 0.157 0.95 0 . 2 2 -

" 0.178 0.179 0.89 0.15 -
0.196 0.197 0.79 0.09 -
0.230 0.231 0.63 0 . 0 2 -
0.259 0.260 0.51 - -

" 0.310 0.311 0.38 - -

0.361 0.362 0 . 2 0 - -

0.390 0.391 0.14 - -
0.433 0.434 0.07 - -

" 0.479 0.480 - - -

0.003 0 .0 0 0 0 . 0 0 2 1 . 2 2 1.28 0.98
" 0.008 0 . 0 1 0 1 . 34 1 .34 0.82
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