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SUMMARY 
Proton induced X-ray em1s.swn (PIXE) analysis depends on the accurate 

stripping of the peaks of individual X-rays from the X-ray e~ergy spectrum pro­
duced by the bombardment of a target material with charged particles. The energy 
separation between the Kfl X-ray of element Z and the Ka X-ray of element 

· (Z + 1) increases with increasing Z. Accordingly, for adjacent lower Z elements, 
there is an overlap in energies between these two X-rays, and hence interference 
may be caused by one element in the determination of the other. 

The purpose of this investigation was to determine the extent of such possi­
ble interferences and to evaluate the accuracy and precision of the determination 
of adjacent elements, especially when one of the pair is present in overwhelming 
concentrations. 

Two elemental pairs, potassium-calcium, of biological significance, and 
vanadium-chromium, of metallurgical significance, were studied in detail. Mixtures 
of stock solutions of the two elements of each pair were made to provide samples 
with elemental ratios of the minor component decreasing from 10-1 to 10-4 relative 
to the major one. A minimum of five of these samples were prepared on thin 
foils as well as on thick target pellets for each concentration level, and the PIXE 
spectra were recorded under bombardment with protons of 3 MeV. The spectra 
were analysed off-line by the program AXIL, which, in cases where the minor 
component could not be visually identified in the spectrum, was forced to evaluate 
the concentrations of both components. Under these conditions, low levels of the 
minor component were reported even though the component could not be resolved. 

All samples, the spectra of which showed the presence of both elements of the 
elemental pairs, could be analysed in mg / g concentration range. The precision and 
accuracy of such analysis were acceptable, except in the case of pellets onto which 
solutions containing both potassium and calcium were deposited. Chromatographic 
separation of potassium from calcium during the diffusion of the solution in the 
pellet matrix gave unacceptably erroneous results. 

When the concentration of the major component exceeded that of the minor 
by a factor of 200 or more, the presence of the minor component could no longer 
be recognised ~n the spectra. '\V'hen such spectra were analysed by AXIL, forcing 
the program to determine both elements, results were a reflection of background 
levels in the energy region of the expected peak. It could therefore be concluded 
that the determination of the minor component in the presence of the major one 
for adjacent elements by PIXE is inaccurate for relative concentrations less 
than 1 : 200. 
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Chapter 1 

INTRODUCTION 

1.1 Introduction 

Since the discovery of positive evidence of the emission of characteristic X-rays 

in 1910 (Ba 11], the application of X-ray emission has been widespread. The 

establishment of the relationship between the wavelength (and hence the energy) 

and the atomic number (Mo 13], 

(1.1) 

led to the use of this technique for the identification of elements. The proportional­

ity constant in equation (1.1), depends on the X-ray series, K, L, M etc and on the 

particular line in that series. Although the equipment was relatively economical 

and reliable, the technique never found widespread use in the early years after its 

discovery, because of the experimental requirements of high vacuum, the use of 

electrons for excitation and the need for the target to be conducting. The same 

problems were encountered in later years (Al 25, Vo 32, Co 25], when X-rays were 

used as the excitation medium. 

It was not until the late 1950's and early 1960's, that X-ray emission found 

routine application for elemental analysis, with the use of wavelength dispersive 

spectrometers, in which the wavelengths were separated by Bragg diffraction from 

a single crystal. 

It is interesting to note that when the relative advantages of electrons, pro-
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tons and X-rays for X-ray excitation were compared in 1964 [Bi 64], X-rays were 

chosen as being the most practical at that time. However, two major events were 

responsible for renewed interest in charged particle-induced X-ray emission (PIXE); . 

1. the introduction of high-resolution Si(Li) detectors for energy dispersive X­

ray analysis, and, 

2. the phenomenal detection limits for elemental analysis with 3 MeV protons 

reported in the early 1970's, [Jo 70, Jo 72]. 

1.2 X-ray yields 

PIXE is concerned with the measurement of characteristic X-rays produced when 

a target is bombarded with charged particles. The X-ray yield, Yo( Z) [in counts 

per second], for an element Z and atomic mass Az, in a thin film of areal density 

Ma(Z)[in flg.cm- 2], bombarded with charged particles of energy Eo [in MeV] IS 

given by, [Pi 91] 

where 

Np is the bombarding current [in particles per second], 

a1(Z, E) is the ionisation cross section of element Z, at energy E, 

Wz is the fluorescence yield, 

bz is the branching ratio, 

€z is the efficiency for the measured X-ray, 

NA is Avogadro's number, 

n is the solid angle subtended by the detector, and 

Az is the atomic mass of element Z. 

(1.2) 

A constant k( Z) which includes geometrical factors and yield constants can 

be defined as: 

k(Z) = Wzbz€zNAf2/Az 

2 

(1.3) 



.. 

then 

(1.4) 

A simple calculation of the ionisation cross-section [Me 69], using the Plane Wave 

Born approximation and wave-functions similar to hydrogen gave the result, 

ar(Z,E) = 81rr~[;: ][f(ry,B)] 
eff 7J 

(1.5) 

where 

ro is the Bohr radius, 

z is the charge on the bombarding particle, 

Zeff is the effective nuclear charge on the target atom, and 

7], ~and f(ry, B) are dimensionless tabulated parameters [Me 69], related to the type 

of X-ray, K, L, M ... etc. 

This approximate expression agrees satisfactorily with experimental values 

for high velocity bombarding particles. Modifications of equation 1.5 were made 

[Br 81] to include the effect of Coulomb field, (C), perturbation of the atomic 

stationary states, (PSS), the relativistic effects, (R), and energy loss during colli­

sion, (E), to yield the so-called ECPSSR relationship. Cross sections based on the 

ECPSSR equation have been tabulated [Co 85], forK, L1 , L 2 and L 3 subshells and 

bombarding particles of protons and helium ions. 

From the above, it is evident that at constant bombarding energy, the yield 

of X-rays is a smoothly varying function of the atomic number. Accordingly the 

elemental concentrations of many elements may be determined simultaneously from 

a single X-ray spectrum, even if the absolute concentration of only one component 

can be determined or is known. 

When thick targets are used, i.e. targets in which the bombarding beam is 

stopped, the yield equation has to be modified to take into account the decrease in 

the energy of the bombarding particle along its path through the sample matrix. 

Equation 1.2 can then be rewritten to give the yield of the required X-ray, Y(Z) as 

Y(Z) = YoZ [Eo ai(ZtE)T(E) dE 
(111a)totaW(Z1Eo) Jo S(E) 

(1.6) 
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Figure 1.1: Spectra from the skin of golden delicious apples showing the elements 
that can be determined using PIXE, [after Me 80]. 

where 

(Ma)total is the total areal mass of the target material, 

T( E) is the transmission factor which accounts for the absorption of the measured 

X-rays within the target material and is dimensionless and 

S(E) is the stopping power of the matrix [in e V per unit thickness]. 

The ionisation cross section at the surface of the of the target where no energy 

loss has occurred is a(Z1 E 0 ). 

1.3 The relative concentration ratios 

The analytical evaluation of the PIXE spectrum, (see Figure 1.1), 

[Me 80], involves the determination of the areas under each peak, since the 

4 



areas are proportional to the X-ray yields. In most applications, overlapping X-ray 

ene~gies of different elements are encountered, imposing a burden on the interpre­

tation and evaluation of the data. 

When one element in a pair under consideration is in an· appreciable concen­

. tration, it may be used as the basis of comparison for expressing relative concen­

tration ratios. When the spectrum of a specimen is analysed, the integrated peak 

counts for one element in the sample relative to that of another is given by, 

R = 1'~(ZI) = Ma(ZI)k(Zt)<JI(ZI, E) 
Y~(Z2) Ma(Z2)k(Z2)<J1(Z2, E) 

(1.7) 

Since both elements are bombarded with the same flux, and measured with 

an efficiency which effectively remains constant, [Ak 74], over the energy range 

3-20 keV. The values of the cross-section, O"J, depend on Z\ since all other factors 

in equation 1.5 are about equal for the different elements. The count ratio R, is 

therefore a measure of Ma(Z1 )/lVIa(Z2), i.e the relative elemental concentration. 

1.4 Mathematical techniques for spectrum analysis 

Improvements in detection and data recording systems in recent years have led to 

such amounts of information that manual analysis of X-ray spectra has become dif­

ficult. Not only can the total number of peaks present.in a spectrum be very large, 

but also the unbiased resolution of composite peaks and the reliable estimation 

of the errors in the peak parameters can be tedious. There is therefore a strong 

need for mathematical techniques for determining the intensities of measured X­

rays. A number of techniques is available for generating functions to represent the 

background and the peaks. 
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1.4.1 Single peak stripping 

A spectrum may be "stripped down" [Qu 72] using previously measured informa­

tion about background and line shapes generated with calibrated standards. One 

such program is SAMPO, which was originally written for handling gamma-ray 

spectra [Ro 69,Gi 84]. 

The spectrum is divided into regions according to the intensities of the full en­

ergy peaks in each region, followed by sequential stripping in each region. However, 

the disadvantage of this technique is the accumulation of errors in each consecu­

tively stripped peak. In the evaluation of data for the determination of pottery 

and glasses, it was found [Gi 84] that Fe I<c~ yield could not be used for the normal­

ization of PIXE elemental data because of the presence of manganese. The energy 

of the Fe I<a X-ray is 6.403 KeV and that of the Mn I<13 is 6.490 KeV. The energy 

difference between these two X-rays was less than the resolution of the detector, 

and hence the computer program treated the data as a single peak. Resolution of 

these two peaks was therefore impossible because the computer program was not 

designed. to consider other spectrum peaks as originating from the same element 

and thus could not normalise the contribution of the Mn I<13 counts on the basis 

of the Mn I<a yield. Similar interferences occurred in the case of the K I<13 X-ray 

with that of the Ca I<a [Gi 84]. 

1.4.2 Analytical fitting using measured standards 

Programs written specifically for PIXE differ from each other only in the analytical 

expression for the peak shape. All programs rely on a Gaussian shape to describe 

the main spectral contribution. Tailing effects at the low and high energy sides, 

and background are treated differently. 

The use of a library of measured spectra enables the correct parameters to be 

selected and corrections are made for escape peaks, pileup, X-ray absorption and 
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detector characteristics, The comparison of the programs most commonly used 

and based on measured standards is given in Table 1.1, [Ca 86, Jo 88]. 

· 1.4.3 Analytical fitting using physical parameters 

A different approach was adopted [Va 77] for the deconvolution of X-ray spectra, 

using a non-linear least-squares fitting program AXIL. The program is based on an 

algorithm [Ma 63] which ensured convergency of the minimisation process, finds 

the minimum of chi-squared and combines a gradient search with an analytical 

solution by linearisation of the fitting function. The program provides an analysis 

r.eport of the nett peak intensities (corrected for background and peak overlap) of 

the different elements analysed. 

Figure 1.2 [Va 77a] shows the general flow of events for the AXIL program. 

The least-squares fitting program divides naturally into two parts; 

1. the first is to locate the peaks in the spectrum corresponding to energies 

stored in the library of the computer from a supplied calibration equation 

(see INPUT in figure 1.2) 

2. the second is to fit the peaks with fitted peak shape and background function 

using peak intensities of the elemental spectra from a stored library (see 

SUBROUTINE INITP in figure 1.2) 

As is the case with other programs, the main energy peaks are fitted with 

Gaussian distributions to which the appropriate background contribution is added. 

The background contribution is expressed as a polynomial, the coefficients of which 

can, if necessary, be adjusted by the operator. 

7 



Table 1.1: Programs most commonly used for analytical fitting of PIXE spectra 

Program HEX SESAMX 

Reference [Jo 82, Ka 77] [Ha 77] 

Fit (L# + NL&)/LSF$ 1/LSF 
procedure 

Background Analytical 
model 

Peak Gaussian+ 
shape step on 

left 

Escape parametized 
peaks 

K X-ray (Sc 74] 
intensities 

Thickness no 
correction 
to relative 
intensities 

Pileup (Jo 82] 
peaks 

#Linear 

&Non-linear 

$Least-squares fitting 

Analytical 
model 

Gaussian+ 
exponential 

tail 

own 
parametization 

measured 

no 

energy 
dependent 
version of 

(Jo 82]. 
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GUPIX PIXAN 

[Ma 84]· [Cl 83, St 76] 

NL/LSF NL/LSF 

Digital Polynomial 
filter or iterative 

removal 

Gaussian Gaussian+ 
exponential exponential tail 

step + step between 
Ka and K13 

parametized pres tripped 

(Sc 74] (Sa 74] 

no yes 

(Jo 82] [Jo 82] 
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Figure 1.2: General flow chart of the computer program. 

The X-ray background 

The most significant factor limiting the sensitivity of PIXE measurements is back­

ground radiation. When the accelerated charged particles traverse a target, some 

background radiation is emitted from the matrix and surroundings of the target 

together with the characteristic X-rays from the component elements. A typical 

spectrum is shown in fig. 1.3. 

In the spectrum shown, the characteristic X-ray peaks are superimposed on a 

continuous background of electromagnetic radiation. This continuous background 
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Figure 1.3: A typical background spectrum obtained from the bombardment of 
a urea pellet with 3 MeV protons 

is relatively lower in intensity than that encountered by other methods of X-ray 

excitation, such as exposure to electromagnetic radiation from X-ray tubes, ra­

dioactive sources or electron bombardment, [Yo 73]. The continuous background 

radiation observed from the spectrum was ascribed as due to bremsstrahlung from 

secondary electrons and from projectile. 

On the low-energy side of the spectrum, the most significant contribution 

to the background·probably comes from secondary electrons, [Fo 74, Is 76]. The 

production cross section for this process is given by, [Re 80] 

dCJbr 2 Ze2 

P = d(1iw)dn = 7T' -1i-c. (~)2 (.:)2 
m 8c2 v 

(1.8) 
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where 

w is the laboratory solid angle sub tended by the detector, 

me, e, v and Ee the mass, charge, velocity and energy Ee of the secondary electron, 

respectively, 

. nw the photon energy, and 

fhr, the angle at which the bremsstrahlung photon, is emitted relative to t~e di­

rection in which the electron is travelling. Secondary electron bremsstrahlung 

decreases rapidly above an X-ray energy of: 

E ,..._, 4meE 
X,.._, M (1.9) 

which is the maximum energy transfer from a projectile of mass M and energy E 

to a free electron of mass me. For a bombarding proton energy of 3 000 keV, the 

secondary electron bremsstrahlung maximum energy is about 6.5 keV. 

1.6 Sensitivity of PIXE analysis 

The lowest concentration of an element that can be determined by an analytical 

method is the sensitivity of the method and, in PIXE, is measured by the lowest 

number of X-ray counts under a peak that can statistically be distinguished from 

the background. Since every peak is measured against a background continuum, 

the intensity of the background will determine the attainable sensitivity. This 

relation has been represented mathematically by [Cu 68] as, 

(1.10) 

where Cnett and Cbg refer respectively to the nett integrated counts under the the 

spectrum peak of interest and the integrated background under the same peak. 

Three levels have been defined based on the above equation for determining 

the lowest levels at which a given element may be detected; 
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1. A concentration region where the nett peak is sufficiently precise to enable 

quantitative analysis to be carried out with a 'relative standard deviation of 

less than 10%. In this region r ~ 10. 

2. A lower level of concentration where the nett peak is sufficiently intense for 

qualitative analysis but where quantitative analysis become inexact. In this 

region 10 > r ~ 3.29. 

3. The lowest concentration region where the definition of the nett peak is in­

distinct and qualitative analysis becomes unreliable. In this region 3.29 > 

r > 1.64. 

Most workers accept as a rule of thumb, that the sensitivity is given by, 

Cnett = 3~ (1.11) 

Since the yield of X-rays increases with the bombarding energy, the attainable sen­

sitivity can improve with increased energy. Thus for analysis the optimum bom­

barding energy still has to be determined experimentally in order to give the best 

compromise between increased yield and increased background, even though the 

energy at which the maximum cross section for X-ray production can be calculated. 

By calibration with standard materials, the sensitivity factor, S, can be eval­

uated for the X-ray under consideration, and is given by 

(1.12) 

for a fixed bombarding charge, where Co nett counts were obtained from the known 

content of Wo J.Lg of the element. At the sensitivity limit, the lowest mass that can 

be determined is W min and 

Co S 
Cnett = vVmin X Wo = U:min (1.13) 

Hence by substitution in equation (1.10) 

3.29 rc 
H'min = sVVbg (1.14) 

for the same fixed bombarding charge used to defineS in equation (1.12). 
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1. 7 Spectral interferences 

The limited spectral resolution of energy dispersive systems makes line interference 

. unavoidable when X-ray energies are close together. Fortunately, mathematical 

techniques (see section 1.4) are available to strip overlapping peaks in a spectrum 

and to obtain separated peak intensities. However, the accuracy of such stripping 

programmes is affected by the statistical precision of the measurement, the number 

of peaks in the overlapping region and their relative intensities. In particular, the 

precision of determining the intensity of a small peak in the vicinity of an intense 

one is generally rather poor. 

In the energy region of about 3 to about 7 keV, the main source of interference 

due to overlapping energies of X-rays is the occurrence of low energy L X-rays and 

of Kf3 X-rays of element Z with energies lying close to that of the Ka X-ray of 

element (Z+1). This energy difference,~' can be expressed as: 

:(1.15) 

and the values of ~ are shown plotted as a function of the atomic number in Figure 

1.4, for the atomic-number range 14:::;Z:::;30. The occurrence of L X-rays depends 

on the composition of the sample, so that interference from L X-rays falls outside 

the scope of this investigation. 

At present, the energy resolution, given by the full width at half the maximum 

height, of most good Si(Li) detectors is of the order of 150 eV. In Figure 1.2, 

the elements Cl, Ar, K, Ca, Sc, Ti, V, Cr, Mn and Fe lie in the region where 

mutual interference between adjacent elements occurs and where separation of 

their spectral peaks may not be observed. 

Mutual interfere.nce from elemental pairs is expected to be most severe when 

the concentration of one of the elements is overwhelmingly large relative to that of 

the other. In the present investigation the relative concentration ranges over which 

each of the two elements in the element pairs can be determined separately, have 

been studied, and in particular the minimum relative concentration that can stili 
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Figure 1.4: Energy differences between the ]{(3 X-ray of one element Z, and the 
K 01 X-ray of the next (Z+l) as a function of the atomic number Z. 

be measured of the low concentration component, has been determined. 

In the interpretation of the data for the analysis of the Mn-Fe elemental pair, 

in spectra obtained from the standard reference material Orchard Leaves it was 

found [Ca 86] that when the intensity of the Mn K 01 X-ray was strong compared to 

that of the Fe K 01 X-ray, analytical results for manganese were reproducible with 

the relative precision of 1%. However, the precision deteriorated as the intensity 

of the manganese X-ray decreased relative to that of the iron. It was significant 

that difficulties were experienced [Ca 86] in determining the intensity of the Cr K 01 

X-ray, because not only does its peak occur on the low energy tail of the peak due 

to Fe K 01 X-ray, but its energy coincides with that of the escape peak from the Fe 
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Kf3 X-ray. The precision for chromium determination was poor even though the 

contribution of the iron escape peak was only about 7% of that of the Cr Ka [Ca 

86]. 

With potassium and calcium, an added difficulty was experienced. The peaks 

. from the Ka X-rays of these elements lie in the bremsstrahlung region of the spec­

trum, so that in addition to overlapping X-ray energies, a relatively high back­

ground is present. This aggravates the precision for determining low concentra­

tions of either of these elements. Thus, in the standard reference material Bovine 

Liver good precision was obtained for the determination of potassium, which was 

present in a relatively high concentration while the same data yielded poor results 

for calcium, the concentration for which was much lower [Ca 86]. When calcium 

was more concentrated than potassium, as was the case in Orchard Leaves, the 

reverse was true. 

1.8 The purpose of this investigation 

It is evident from Figure 1.4 that the pair of elements Ti-V is the pair for which 

mutual interference would be most severe. Nevertheless, this pair was not selected 

for investigation because the need to analyse this elemental pair occurs less fre­

quently than the need to determine K and Cain the presence of each other.The 

two element pairs, potassium, calcium arid vanadium, chromium occur together in 

biological and metallurgical samples respectively. Unfortunately, each one of them 

has a special function- in a matrix in which it is found, and thus cannot be sepa­

rated. Even if separation was necessary, it would affect the end results, producing 

big errors of contamination due to impurities in the chemicals used. 

Both potassium and calcium are important mineral elements in fruits and 

vegetables: 

For example, the treatment of the soil with calcium in apple trees result in an 

increase in the concentration of potassium, which is an important nutrient in apples. 
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Both vanadium and chromium are important in steels, with essentially sepa­

rate roles: 

Vanadium improves elastic strength and impact resistance in steels, while chromium 

improves the tensile strength and increases resistance to abrasive wear, with reten-

. tion of good ductility and fatigue properties. 

Accordingly it is often necessary to determine simultaneously both elements of 

the two element pairs noted above. The extent to which adjacent elements interfere 

with each other was studied in synthetic mixtures, in which the concentration of 

first one, and then the other of the elemental pair was systematically changed. 

Samples prepared in this way were analysed by PIXE in order to determine the 

lowest relative concentration for which meaningful results could be obtained by 

this analytical technique. 
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Chapter 2 

EXPERIMENTAL 

2.1 Sample preparation 

The carbonates of potassium and calcium were used for the study of K-Ca pair. 

For the investigation of the V -Cr pair, sodium orthovanadate (N a3 V04) and potas­

sium dichromate (K2 Cr20 7 ) were used. All compounds were of Analytical Reagent 

Grade. 

Stock solutions of 1% by mass of the elements under consideration were pre­

pared by dissolving in 0.1M nitric acid (the carbonates) or water. From these stock 

solutions, test solutions were prepared by mixing appropriate volumes to give the 

solutions of the required concentration ratios. The largest errors were expected 

when measuring volumes less than 20,ul, when the expected relative error [Gi 80) 

was of the order of ±5%. Larger volumes were measured with a better precision. 

The concentrations of the major components in the test solutions relative to the 

minor component were 10, 20, 50, 100, 200, 500, 1 000, 2 000, 5 000, 8 000 

and 10 000. 

In a search for a suitable inert matrix for thick target studies, materials that 

were tested were starch, com!fiercially available "X-ray mix tablets" and pads of 

Whatmann filter paper, all of which were discarded because they contained traces 

of the elements under consideration. Urea contained iron and zinc, which were not 

detrimental to the investigation. Preliminary experiments were thus carried out 

using urea as an "inert" matrix. 
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Figure 2.1: Micro-atomiser used for depositing a thin film of dissolved matter 
on a foil. 

Urea powder ('Analar' grade supplied by BDH chemicals, Poole, England), 

was compressed into tablets of 13 mm diameter and approximately 2 mm thick. 

Onto these tablets a 20pl volume of the selected test solution was pipetted at the 

centre of the tablet and the sample was allowed to dry slowly in an oven at 60°C. 

Fast evaporation resulted in flaking which destroyed the tablet integrity. At least 

5 tablets were prepared from each test solution. 

Thin samples were prepared on 12pm thick Mylar foils by evaporating an 

atomised spray of the test solution. The design of the apparatus is shown in 

Figure 2.1. The gas supply was regulated so as to produce a fine mist which was 

deposited on a Mylar foil mounted a short distance away from the exit chimney. 
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Larger drops of spray collected on the walls of the atomiser and returned to the 

reservoir. Thicknesses of deposits were controlled by the gas pressure and by the 
1 

duration of spraying. Under constant conditions the deposits were reproducible. 

With every test solution, a minimum of five samples were prepared. The foils were 

. dried by infra-red heating and stored in a desiccator until required. 

2.2 Irradiation and measurement facilities 

2.2.1 The irradiation facility and scattering chamber 

A proton beam of 3 MeV from the 6 MeV Faure Van de Graaff accelerator was 

collimated to give a beam with a cross-section of 3.5 mm. The beam current on 

the target was measured with. an Ortec 439 current integrator, and was adjusted 

in such a way that system dead-time did not exceed 10%. Due to some variations 

in the proton beam current, the duration of the irradiation was determined by the 

integrated charge rather than by the clock time. A beam current of approximately 

5 nA was used for the analysis of samples. 

Irradiations were carried out in a scattering chamber, see Figure 2.2, which 

was electrically insulated from the beam-line and the detector, so that it served as 

a self-contained Faraday cup, [Gi 76]. Portholes situated at different angles to the 

direction of the incident beam, allowed several detectors to be inserted. When not 

in use, the portholes were covered with transparent perspex plugs through which 

observations of the inside of the chamber could be made. The target chamber was 

grounded through a current digitiser for accurate current measurements. Any sec­

ondary electrons produced from the target materials are prevented from escaping, 

by metal disks in the beam tube, perforated to allow the beam to enter. Since 

the beam entry hole subtends a small solid angle, secondary electron loss through 

the beam entry port was negligible. Secondary electrons generated by interaction 

of the beam with the beam tubes were prevented from entering the chamber by a 

grid charged to -300 V placed in the beam tubes before the collimators outside the 
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Figure 2.2: Insulated scattering chamber specially designed for analytical use 
with up to five different detectors. 

scattering chamber_ 

2.2.2 The automatic sample changer 

Samples were positioned over holes on the stainless steel ladder, as shown in Figure 

2.3. The vertical ladder which had space for ten samples, with an additional vacant 

position through which the initial beam adjustment was made, was mounted in the 

target chamber set at an angle of 45° to the beam. The ladder was fitted into the 

shaft of a motor drive chamber by nylon-grooved wheels on either side see (Figure 
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Figure 2.3: Method of mounting samples on the stainless-steel ladder. 

2.4). The position of the ladder was remotely controlled by a stepping motor which 

advanced it at 6.6 J-Lm per step through the centre of the chamber, without breaking 

the vacuum, [Pe 77]. 

2.2.3 The electronic measuring system 

Figure 2.5 shows a block diagram of the electronic and computation equipment 

for PIXE measurements. The characteristic X-rays produced by the proton beam 

were detected by an intrinsic germanium detector, which yielded a pulse amplitude 

proportional to the energy. The pulses from the detector were amplified by an Ortec 

model 450 amplifier, capable of handling high count rates without appreciable loss 

of energy resolution and set to prevent tailing on the low energy side of the peaks. 

These pulses were then transmitted to a 1024 channel pulse-height-analyser through 
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Figure 2.4: Automatic sample changer 
A - Sample ladder 
B - Nylon positioning wheels 
C- Stepping motor. 

an analogue to digital converter. A current integrator, set to count for either a pre­

determined time or to accumulate a pre-determined total current, automatically 

switched off the measuring system. 

An intrinsic germanium detector oriented at 90° relative to the beam direc­

tion, see Figure 2.2, was mounted inside the vacuum of the target chamber. The 

detector had an active area of 25 mm2 and a thickness of 5 mm. The resolution at 

5.9 keV was 151 eV and at 22.16 keV was 557 eV. The energy was calibrated by 

a Standard Variable Energy X-ray source (supplied by The Radiochemical Centre; 

Amersham, England) containing 10mC of 241 Am, an alpha emitter, the radiation 
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Figure 2.5: Block diagram of electronic and computation equipment for PIXE 
measurements. 

of which could in turn be directed to the sample of Cu, Rb, Mo, Ag, Ba and Tb 

to yield the X-rays of these elements. Rapid calibration was normally achieved by 

the use of the Ag Ka1 X-ray of 22.162 keV from the X-ray source and the Mn Ka 

X-ray of 5.898 keV from a radioactive source of 55Fe. 

A methyl methacrylate absorber, 135 J.lm thick, was used to prevent backscat­

tered protons reaching the detector. Although this absorber reduced the intensities 

of the measured X-rays, correction for absorption was unnecessary because the rel­

ative extent of absorption was the same for a particular element in every sample 

pair of the pair under investigation. 
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2.2.4 The computer system 

The pulses from the analogue to digital converter (ADC) fed the PDP computer 

system, see Figure 2.5, which acted as both the analyser and data reducer. In­

formation about peak position, area and background could be obtained directly . 

Data were recorded on a magnetic tape for offline analysis. The yields of X-rays 

were determined by the computer program [Va 77, Va 77a] AXIL, which was run 

on a VAX 11/750 computer of the National Accelerator Centre near Faure. 
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Chapter 3 

REPRODUCIBILITY AND 
UNIFORMITY 

3.1 Target reproducibility 

Different targets, each prepared from the stock solutions were analysed by PIXE to 

test the reproducibility of target preparation. ,The results for the thick targets are 

shown in Table 3.1 ·and those from thin targets in Table 3.~. The reproducibility 

of the thick targets was of the order of about 6% while better reproducibility was 

obtained with thin targets where the values ranged between 1.3 and 3.6%. 

3.2 Target uniformity 

The uniformity of targets prepared as above was tested by irradiating different spots 

on the same target material. The results are given in Table 3.3 for thick targets 

and in Table 3.4 for thin targets for samples containing each of the four elements as 

a major component. The uniformity of target deposition was repeatedly checked, 

to ensure that nothing untowards occurred during sample preparation. 
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Table 3.1: Reproducibility test for thick targets 

Target 
number 

1 

2 

3 

4 

5 

6 

7 

8 

K 

98829 

95505 

108893 

106242 

100200 

106397 

105098 

99060 

102526 ± 4726 

(4.61%) 

Count measured 
Ca V Cr 

77047 145708 175917 

80979 133830 166199 

70583 148562 170315 

81173 135813 170666 

83299 142856 170298 

74339 155678 177266 

74674 157347 195470 

74375 153622 179494 

77058 ± 4367 146677 ± 8826 175703 ± 9115 

(5.67%) (6.02%) (5.19%) 
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Table 3.2: Reproducibility test for thin targets 

Target Count measured 
· number K Ca V Cr 

1 66318 69205 152961 154065 

2 63934 69993 153389 154745 

3 61035 68373 153356 152067 

4 60443 67346 152100 154498 

5 61889 65766 154589 154977 

6 61388 148748 150190 

7 147792 156249 

62501 ± 2219 68317 ± 1650 151848 ± 2567 153827 ± 2036 

(3.55%) (2.42%) (1.69%) (1.32%) 
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Table 3.3: Uniformity test for thick targets 

100 x Count Ratio of minor to major. element 
K/Ca Ca/K • V/Cr Cr/V 

6.94 5.59 9.20 10.94 

6.26 6.98 8.55 10.18 

9.52 5.41 9.88 11.75 

8.85 5.05 10.00 11.90 

7.62 6.16 9.83 11.69 

7.84 ± 1.34 5.84 ± 0.75 9.49 ± 0.610 11.29 ± 0.724 

(17.10%) (12.93%) (6.02%) (6.41%) 

Table 2.4: Uniformity test for thin targets 

100 x Count Ratio of minor to major element 
K/Ca Ca/K V/Cr Cr/V 

4.38 0.972 1.80 5.12 

4.55 0.955 2.17 4.82 

4.39 1.14 2.00 5.75 

4.32 0.939 2.10 5.74 

4.27 0.920 1.82 5.44 

4.19 1.03 1.90 4.67 

4.36 ± 0.053 0.994 ± 0.033 1.96 ± 0.063 5.25 ± 0.19 

(1.22%) (3.34%) (3.21%) (3.62%) 
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When the relative precision of the count ratio of thick targets are compared, tar­

gets containing the elemental pair K-Ca were found to be less uniform than those 

containing V-Cr. The relative precision of the count ratio in the case of v..:cr is of 

the order of 6%, but is almost double this amount in the case of K_-Ca. Since the 

test solution was applied to the centre of the tablet, discrepancies in apparent com­

position in off centre positions, imply a chromatographic separation of the liquid 

components laterally and possibly vertically when the test liquid diffuses through 

the urea matrix. This in turn, would imply th;~.t analysis of such tablets would 

produce results at variance with the known composition of the test liquid. (See 

Results, section 4.3) 

The relative precision of the count ratio of thin targets is much better than for 

thick targets. The relative precision ranging from about 1.2 to 3.6% is acceptable 

for analysis. Since these were produced by the evaporation of small droplets on an 

inert film, chromatographic separation could not occur. 
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Chapter 4 

RESULTS AND DISCUSSION 

4.1 X-ray spectra 

Typical spectra obtained from thin samples on mylar of evaporated solutions con­

taining the pairs of elements in which there is a preponderance of potassium, cal­

cium, vanadium and chromium in the nominal ratio 10 : 1 are shown in Figs 4.1, 

4.2, 4.3 and 4.4 respectively. In each figure, the position of the peak from the K13 
' 

X-ray of the lighter element is shown in brackets. Spectra from samples containing 

different elemental ratios are shown in the next section, (Section 4.3). The program 

AXIL was used to strip the component peaks and to evaluate the peak areas. 

Details of the count yields obtained from both elem~nts in the pairs, their 

count ratios and the relative concentration ratios determined from these data are 

given in Appendix B. 
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Figure 4.1: Energy spectrum of X-rays from a sample containing a high concen­
tration of potassium. 
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Figure 4.2: Energy spectrum of X-rays from a sample containing a high concen­
tration of calcium. 
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Figure 4.3: Energy spectrum of X-rays from a sample containing a high concen­
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4.2 Precision and Accuracy of Results 

To evaluate the precision and sensitivity of the four elements being determined, 

that is potassium, calc~um, vanadium and chromium, thick targets of each of the 

four elements were analysed under bombardment with 3 MeV protons. The results 

obtained for thick targets are given in Table 4.1. 

Table 4.1: Results of Analysis of Thick Targets 

Element Expected Measured Found Error 
amount Counts/mCb f-l9 Absolute Relative 

fl9 by mass % 

Potassium 2.12 10 054 2.44 +0.32 +14.92 

8 843 2.38 +0.26 +12.45 

8 393 2.27 +0.15 +7.19 

Calcium 1.50 23 612 1.70 +0.20 +13.10 

18 505 1.66 +0.16 +10.67 

19 286 1.93 +0.43 +28.82 

Vanadium 0.506 84 563 0.469 -0.037 -7.26 

79 449 0.483 -0.023 -4.47 

Chromium 0.420 61 191 0.447 +0.027 +6.39 

55 657 0.461 ° +0.041 +9.80 

The expected amount (pg) corresponds to the mass of the element contained 

in 20pl pipetted on the pellet. The measured counts r~fer to the nett integrated 

count under the peak, calculated for a bombarding current of one millicoulomb. 
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The relative % error is rather high, but unacceptably high for potassi~m­

calcium. A possible cause for the large discrepancies may be ·chromatographic 

separation of the elements in solution that could occur during the diffusion of the 

pipetted volume onto the urea matrix. From the analytical results it appears that 

. chromatographic separation is more severe for the element pair potassium-calcium 

, than for vanadium-chromium. 

The expected amounts (J..Lg) for thin targets were calculated from the yields 

and the amount obtained for thick targets using equation 1.6. Table 4.2 lists the 

results obtained for thin targets. 

The overall relative ~rror for thin targets is better than that for thick targets. 

One possible explanation is the fact that the intensity of the ba:ckground is very 

much lower. 

During the analysis of the adjacent elements, both the sensitivity and pre­

cision were evaluated by comparing the experimentally found mass concentration 

ratios with the expected ratios. An assessment of the results obtained for the anal­

ysis of the adjacent elements in thin targets are shown in Tables 4.3 and 4.4, where 
; 

the measured values are the means of a set of similar analyses. Full details of the 

analysis are listed in Appendix B.2. 
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Figure 4.4: Energy spectrum of X-rays from a sample containing a high concen­
tration of chromium. 
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Table 4.2: Results of Analysis of Thin Targets 

Element Expected Measured Found Error 
amount Counts/mCb f.lg Absolute Relative 

f.lg by mass % 

Potassium 1.44 103 053 1.42 -0.02 -1.60 

104 307 1.41 -0.03 -1.94 

95 566 1.48 +0.04 +2.89 

102 696 1.38 -0.06 -3.85 

105 047 1.48 +0.04 +2.89 

Calcium 1.91 67 522 1.99 +0.08 +4.19 

68 333 1.95 +0.04 +2.09 

66 075 1.97 +0.06 +3.62 

62 543 1.89 -0.02 -1.14 

Vanadium 0.529 130 897 0.509 -0.02 -3.78 

132 490 0.543 +0.014 +2.65 

141 338 0.540 +0.011 +2.08 

Chromium 0.465 142 157 0.442 -0.023 -4.95 

141 026 0.448 -0.017 -3.66 

141 857 0.454 -0.011 -2.47 

139 396 0.446 -0.019 -4.09 
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Table ~3: Determination of the adjacent elements 

Potassium/Calcium pair Calcium/Potassium pair 
Determination of Ca Ka Determination of K Ka 

Expected Found Difference .Expected Found Difference 
ratio ratio Absolute Relative ratio ratio Absolute Relative 
by mass by mass by mass % by mass by mass by mass . % 

10.12 10.5 +0.38 +3.75 9.90 11.22 +1.32 +13.33 

20.28 18.8 -1.48 -7.3 19.84 22.36 +2.52 +12.7 
/ 

50.0 49.27 -0.73 -1.46 48.78 49.19 +0.41 +0.84 

97.09 99.53 +2.44 +2.51 96.15 101.87 +5.72 +5.95 

197.24 199.25 +2.01 +1.02 198.41 207.58 +9.17 +4.62 

505.1 184.66 -320.4 -63.4 500.1 209.55 -290.6 58.1 

1010 180.7 -829.3 -82.1 961.5 191.4 -770.1 -80.1 

4762 187.5 -4574.5 -96.1 5155 201.6 -4953.4 -96.1 

9009 192.1 -8816.9 -97.9 9174 198.3 -8975.7 -97.8 

38 



By comparison, the results obtained for vanadium-chromium pair are better 

than those for potassium-calcium pair. This happens mainly because the peaks of 

both potassium and calcium lie near the maximum intensity of the bremsstrahlung 

background. Even if both .elements were are present in a reaSonably high concen-

. tration, the data were measured with a higher statistical error. The reverse is true 

for vanadium-chromium pair. 

It is interesting to note that in both elemental pairs, a high concentration of 

element (Z+l) result in a significantly high yield of element Z X-rays, producing 

higher ratios. This happens because the weak K{J peak of element Z is being 

interfered by the more intense Ka peak of element (Z+l). 

As expected, in both elemental pairs, the precision deteriorated as the con­

centration of the minor component decreased, because of increased errors of a 

statistical nature inherent in low count rates. 

Although the AXIL program provided the areas of the interfering peaks sep­

arately, (i.e KfJ of element Z and Ka of element Z+l), it fitted them as one peak. 

The degree to which the I(. peak of element Z+l is being interfered with would 

therefore depend on the concentration of element Z. Thus the stripping of the spec­

trum is based on the assumption that the AXIL program can clearly distinguish 

between the two peaks. The error involved in the resolution of interfering lines 

can be deduced from the chi-squared value included in the print-out of an AXIL 

analysis. An example of an AXIL print-out is shown in Appendix A. 

4.3 Determination of the adjacent elements 

The program AXIL (see section 1.4.3) was used to determine the concentration of 

each of the elements in the element pairs. Since the program draws on information 

from the library of energies, the fact that the detector resolution is insufficient to 

resolve all the Ka and KfJ spectrum peaks does not affect the reliability of the com­

puted concentrations. However, the first requirement is that the program should 
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be able to locate the position of the peak in the spectrum. As the concentration of 

the minor component 1s reduced, a stage is reached where the program no longer 

recognises the existe~ce of peaks corresponding to the minor component, and would 

report the existence ofonly one element. However, there exisfs the facility to force 

the program to determine components of which the corresponding peaks are not 

readily observable. By forcing the program to report on the areas of the peaks 

from X-rays of both elements, a value may be obtained, based on the prevailing 

background levels. These values are unlikely to be accurate. 

Composite figures of the X-ray energy spectra obtained from samples in which 

the major component is progressively increased in concentration relative to the 

minor component are shown in Figs 4.5 to 4.8, where the major components are 

potassium, calcium, vanadium and chromium respectively. It may be noted that 

the presence of the minor component can no longer be recognised visually when 

the relative concentration exceeds 200 : 1. Under these conditions the :values given 

in Appendix Bare those obtained from AXIL when forced conditions requiring the 

evaluation of peak areas from two elements are demanded. 
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Table 4.4: Determination of the adjacent elements 

·Vanadium/Chromium pair Chromium/Vanadium pair 
Determination of Cr Ka Determination of V Ka 

Expected Found Difference Expected Found Difference 
ratio ratio Absolute Relative ratio ratio Absolute Relative 
by mass by mass by mass % by mass by mass by mass % 

9.9 9.89 -0.01 -0.101 10.0 9.8 -0.2 -2 
' 

19.53 19.93 +0.4 +2.05 20.0 21.64 +1.64 +8.2 

54.95 53.9 -1.05 -1.91 50.0 53.63 +3.63 +7.3 

101.63 103.11 +1.48 +1.46 100.0 99.93 -0.07 ' -0.07 

204.5 201.03 -3.47 -1.70 200.0 206.6 +6.6 +3.3 

480.77 217.59 -263.18 -54.75 473.9 486.5 +12.6 +12.66 

952.38 241.1 -711.3 -74.68 1003 334.04 -669.0 -66.7 

4761 237.6 -4524.3 -95.01 4484.3 378.8 -4105.5 -91.6 

9090 290.3 -8800.6 -96.8 9003 452.6 -8550.4 -95.0 

41 



10
4 

102 

(K) 
Co ... 

10 : 1 

Co ... 

(K) 
Co 

Co 

20 : 1 

~~ 

(K) 
Co 

Co 

····. 

50 : 1 

g 1o'"r !<. 100 : 1 K 
(K) 

, .G_o 
(K) 200 : 1 

Co 

!<. (K) 
.co 

500 : 1 

~ 
i5 
a ... 
0.. 

V> 

!z 
8 

102f- ... ... • 0 •• ~0 • ~a • •• Co 

···. .... .. 

., ·r 

1o'r .K •• (K) 1 000 : 1 ·"· (K) 5 000 : 1 

0 c;~ . ~~ 
.". (K) 10 000 : 1 

• r;;~ 

1o'r=-· .. Co .... Co Co 

.. . ··· ·.··· 

To~2o 100 
.-.-~~ 

1 0 90 100 80 90 110 90 100 110 

CHA/;NEL NUMBER 

Figure 4.5: The X-ray energy spectra obtained from samples in which potassium 
is increased in concentration relative to calcium. 

42 

j· 

1 0 



10'- ~a 10 : 1 Co 20 : 1 ~a 50 : 1 

K ... . ~ .. 

,., 
~'~ tel \;'j 

..J .· . ! 10
4
1- Ca 

100: I 
Ca 200 : I 

Ca 
500 : I ... 

:I: 
u 
a: ... 
0. 

"' ... z 
i3 .... 

~ .. ~ .. K ... 
102p."" ••• ... .. 

(K) (K) (K) 
~C! 

I 000 I 
<;q 

5 000 
<;q 

10 000 : 
1o'r-

: : I 

• "q Cq Cq 

K. • K K 

102 
.... . . . . ~ . ... 

p.··· 

90 100 11{) 120 90 100 110 120 90 100 110 

CHANNEL NUMBER 

Figure 4.6: The X-ray energy spectra obtained from samples rn which calcium 
is increased in concentration relative to potassium. 

43 

I 

120 



v v 
~ 

... 
(V) 

. .. 
10'1- ~~ 10 : 1 Cr 20 : 1 ~~ 50 : 1 ... 

.. 
1-

,.f:.r Cr 

10
2f-;.· ••. ·• 

.... ·. ...... ;.·· • ••• f:r 

1- ·.·· .... 
'• ... .. 

+ 
f-.-,- ;·,-·~:-.-- .... ....,..... 

v v -,---.---.----, v ... 
(V) --' 100 : .J (\') 200 : 1 (V) 500 : 1 

~ 104
'- ~~ ~.r s~ z 

5 ·.· 
e:; -
c.. .. . ... 
~ 10

2 _::······ ...... ·· ···.·. 
• •• ~r Cr 

::::> ·.f:r 

8 ... .. . .. 
1- .. ··. ... ·. ····· .. .. 

v v Y. ... 
(V) 

. .. 
104

'- .G~ 
1 000 : 1 

~? 
5 000 : 1 ~~ 10 0(10 : 1 

.. 
~ 

.. 
102 ...:······ ·.cr .... ···· 

• Cr ·.cr 

1- .. .. . . . . .. 

120 140 160 120 140 160 1~0 140 160 

CHANNEL NU~1BER 

Figure 4.7: The X-ray energy spectra obtained from samples tn which vanadium 

IS increased tn concentration relative to chromium. 

44 



;;:l 
z z ... 
5 
f5 
0.. 

VI .... z 
:::> 
8 

-w. w ·~ .·. 
104

-
10 : 1 20 : 1 50 : 1 c, c, cr 

v ... 
v .. - ... .Y. 

10
2 
"'········· · ..... -.·· .. .. 
- .. .. 

W. 100 : 1 
~? 

200 1 
W. 

104f--
: 500 : 1 

~.' c, 9! . ... 
f-- v .···.· v v ·· .. .···· 

101 ~. . ... .. . . .. .. .. . .. .·· . .- .. · .... • .. 
.. ,.... 

'P 
104

'-
1 000 : 1 

f.! 

-
.. Y ••• ... v ... 

10
1

- .• ••••••·•• .. ........ .. 

120 140 160 120 

~~ 
~r. 

140 

CHANNEL NUMBER 

5 

.. 

000 

.. 

160 

: 1 

. ..... 

_120 

w. 10 000 : 1 

"· 
.Y • . . 

.. 

140 160 

Figure 4.8: The X-ray energy spectra obtained from samplesin which chromium 

is increased in concentration relative to vanadium. 

. . 



4.4 Detection linearity 

The experimentally determined concentration ratios were plotted against the known 

ratios. These plots are shown in Figs 4.9 to 4.16. Error bars represent the cal­

culated relative precision from all the analysed samples of the same test solution, 

while the drawn line is that expected for ideal1:1 correlation of the mean measured 

concentration to the known value. As long as the minor component yields suffi­

cient X-rays to produce spectrum peaks which may be recognised by the program 

AXIL, the determined values are ratios calculated from the derived spectral peak 

·areas. Deviation from linearity occurs when the minor component does not yield 

sufficient X-rays to form a recognizable peak in the spectrum. This happens when 

the concentration of the major component relative to that of the minor component 

exceeds 200 : 1 in all cases. It therefore represents the relative concentration limit 

for the detection of the minor component of adjacent elements. 

When the major component exceeds 200 times that of the minor, the deter­

mined concentration ratio tends to a constant value. This value is an experimental 

artefact determined solely by the relative intensity of the background over the 

energy region where the X-rays of the minor component should have yielded a 

spectrum peak. Since all the spectra were measured under similar conditions, the 

spurious concentration ratio tends to a constant value. 
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Despite the fact that the uniformity of thick targets containing the elemental 

pair V -Cr was poorer than thin targets of the same elements, the accuracy of the 

analysis of the tablets by X-ray spectrometry is good, as is shown by the proximity 

of the experimental points to the ideal correlation line in figures 4.11 and 4.12 . 

. Deviation from the ideal correlation line occurs at the same relative concentration 

as· for thin targets. This implies that the chromatographic separation referred to 

previously (section 3.2) was a small effect which did not introduce unacceptably 

high errors. 

The same cannot be said for the K-Ca case. The data represented in figures 

4.9 and 4.10 clearly show that the experimental values fall far from the ideal corre­

lation line. In figure 4.9 the test solutions containing relatively high concentrations 

of the minor component, potassium, gave results that lie below the expected values. 

This indicates that the bombarded spot on the target tablet yielded a lower inten­

sity of K I<a X-rays due to the fact that the potassium salt diffuses more rapidly 

through the area matrix resulting in chromatographic separation and relative en­

richment of calcium within the range of the bombarding protons. When the major 

component was potassium, diffusion of potassium again removed a portion of this 

component towards deeper. depths within the area tablet, thus yielding relatively 

enriched calcium deposits, which produced experimental points above the expected 

values because the ratio that was plotted in figure 4.10 is the reciprocal of that 

plotted in figure 4.9. 



Chapter 5 

CONCLUSION 

The study dealt with the determination of adjacent elements by PIXE when the 

peak of the I<13 X-ray of the Z element overlapped that of the (Z+l) I<a X-ray in 

the X-ray energy spectrum measured by an energy dispersive intrinsic germanium 

detector. Two elemental pairs, potassium-calcium and vanadium-chromium were 

investigated. It was found that both elements in the pairs could be determined by 

PIXE accurately and with good precision as long as the relative concentration of 

the major component was less than 200 times that of the minor. This conclusion 

did not depend on which element in the pair was the major component, nor did the 

different elemental pairs yield different results. This conclusion was equally valid 

for thin and for thick samples. 

It is, however, well-known that PIXE can achieve higher sensitivities on the 

high energy side of a high peak than on the low energy side. The reason high 

precision was not achieved arises from the need to handle tailing effects. The 

program AXIL does not have a mechanism to deal with tailing from the highest 

energy peak (produces higher background) on the low energy side of the spectrum, 

making the fitting of data points unreliable. However, on the high energy side of 

the large peak there is no tail, and AXIL fits the points well, (giving accurate peak 

areas). This can be seen in Tables 4.3 and 4.4 respectively. 

Because of the difficulties involved in target preparation, the precision of the 

results from thin targets was better than those from thick. The preparation of 

thin targets involved the evaporation of droplets, of a solution containing both 
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elements, on an inert thin film of mylar. Thick targets were obtained by depositing 

similar solutions onto pellets of urea. Chromatographic separation of potassi~m 

and calcium in the urea pellets resulted in inhomogeneous thick samples which gave 

unsatisfactory analytical results, but the effect was not observed in vanadium­

chromium samples. This is probably due to less separation between the latter 

samples and the higher X-ray energies of vanadium and chromium showing less 

absorption effects. 

The program software, for deconvoluting measured spectra, plays a crucial 

role in determining the practical limit for analysing elemental pairs with overlap­

ping spectrum peaks. The program AXIL could be forced to report on the presence 

of elements even when the software could not detect the necessary spectrum peaks .. 

Accordingly, under forced conditions, AXIL reported spurious concentrations of the 

minor component for relative concentration ratios greater than 200 : 1, depending 

on 'the intensities of the backgrounds in the energy region of the spectrum where 

the forced component was expected. 

When the experimentally determined concentration of the minor element was 

plotted against its knovvn concentration, deviation from linearity marked practical 

limit for analysis. This limit was a concentration ratio of 200 : 1, which was 

significantly dependent on the energy resolution of the detector, given by the full 

width at half the maximum height, of the order of 150 eV. 

The results are of general validity when the intensity of the peak of element 

(Z+1) is less than that of element Z. However, if a small peak (element Z), is 

situated on the tail of a large peak, then the results are significantly dependent on 

the particular type of X-ray detector. The problem of tailing is most pronounced 

for the lighter elements (K, Ca), as the percentage of tailing increases for the lower 

X-ray energies. In addition it has not been possible to use a program with a correct 

response function, i.e. tailing is not well dealt with in the fitting. 
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APPENDIX A 
A. AXIL output file 

SPEt:TnUI1 2795 AXIl VEnS VAX b-SEP-91 1-1:46:04 
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RF.IJ[ 70 140 /t EOs 3.::U3 

CTRL CHISQRe 6. 917 LCHANG.., 6.37E-Ql 7.. LAHOA=t .• E-05 I) ~19 ITER l::Z.b SEC 

encK LIN 90 6.1l10E+Ol 81 -6.964E+Ol 
ORE BQ 3.113E-03 81 -5.239£-0t 9'2 -4.839E-+OO 93 3.914E+OO 94 -8.415E-01 

ABSO OET At 4.699F.:-03 Bl 4.841)E-05 A~ 7.S80E-OS 92 6.990E-01 
FIL A4 6.900E+Ol B4 -::Z.953E+1)Q 

CALI ENE !Cl 23.934 
nES C5 1.6783 

F.LEM 

CA 

E,lt:EV 

3.313 
3.590 

3.691 
4.013 

SrECTRUM 2985 

DATA FIT 

R 

89.639 
10.362 

83.33.3 
16.667 

n 

!C2 21.254 
Cb 0.26997 

CHAN FWHM 

94.2 t7e. 
100.1 180. 

102.3 191. 
109.1 184. 

AXIL VERS VAX 
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APPENDIX B 
B.l Thick targets 

B.l.1 The element pair potassium-calcium 
B.l.l.l Potassium as major component . 
The mean elemental ratio is given by R x ~ = R X 0.87416 and the ·relative . . ax 
precision is derived from the standard deviation ofR 

Nominal elemental ratio 
K:Ca (10:1) K:Ca (20:1) K:Ca (50:1) 

Y(K) Y(Ca) Count Y(K) Y(Ca) Count Y(K) Y(Ca) Count 
ratio ratio ratio 

49154 6239 7.88 44048 5550 7.94 47217 2373 19.90 

43986 9262 4.75 44159 6164 7.16 48504 2509 19.33 

34255 6995 4.90 49531 4549 10.89 52306 2114 24.74 

43838 11118 3.94 50668 4979 10.18 49913 2291 21.79 

45391 12161 3.73 48722 5592 8.71 47512 2147 22.13 

R = mean count ratio R = mean count ratio R = mean count ratio 
= 5.04 = 8.98 = 21.58 

Std. deviation ±1.66 Std. deviation ± 1.54 Std. deviation ±2.13 

mean elemental ratio= mean elemental ratio= mean elemental ratio= 
4.41 ± 1.45 7.85 ± 1.35 18.86 ± 1.86 
(33.02%) (17.20%) (9.89%) 
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. , 

B.l.1 The element pair potassium-calcium 
B.1.1.1 Potassium as major component 
The mean elemental ratio is given by R x !!.ca. = R x 0.87416 and the relative 

O'K 

precision is derived from the standard deviation of R 

Nominal elemental ratio 
K:Ca (100:1) K:Ca (200:1) K:Ca (500:1) 

Y(K) Y(Ca) Count Y(K) Y(Ca) Count Y(K) Y(Ca) Count 
ratio ratio {Forced} ratio 

52372 1397 37.49 54231 678 79.99 58576 451 129.88 

48007 1185 ·40.51 52928 946 55.95 60759 848 71.65 

54739 1080 50.68 56590 1180 47.96 55893 435 128.49 

47756 813 58.74 56581 702 80.60 56224 519 108.33 

46537 860 54.11 55998 1157 48.40 56150 570 98.51 

56663 1305 43.42 54720 699 78.28 42576 134 317.73 

52066 801 65.0 69297 190 364.72 

R = mean count ratio R = mean count ratio R = mean count ratio 
= 47.49 = 65.17 = 174.19 

Std. deviation ±8.32 Std. deviation ±14.68 Std. deviation ±116.57 

mean elemental ratio= mean elemental ratio= mean elemental ratio= 
41.51 ± 7.27 56.97 ± 12.83 152.27 ± 101.90 

(17.51%) (22.52%) (66.92%) 
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B.l.1 The element pair potassium-calcium 
B.l.l.1 Potassium as major component 
The mean elemental ratio is given by R x ~ = R x 0.87416 and the relative 

UK 

precision is derived from the standard deviation of R 

Nominal elemental ratio 
K:Ca (1 000:1) K:Ca (5 000:1) K:Ca (10 000:1) 

Y(K) Y(Ca) Count Y(K) Y(Ca) Count Y(K) Y(Ca) Count 
(Forced) ratio {Forced) ratio {Forced) ratio 

62655 59 1062 58753 145 405.2 .77047 609 126.5 

62754 168 373.5 57777 209 276.4 80979 706 114.7 

59702 201 297.0 58334 29 2011 70583 404 174.7 

52881 55 961.5 60009 286 209.8 83299 785 106.1 • 
61647 107 576.1 52000 27 1926 74339 521 142.7 

74345 402 184.9 63127 71 889.1 74375 417 178.4 

R = mean count ratio . R =mean count ratio R = mean count ratio 
= 575.8 = 952.9 = 140.5 

Std. deviation ±362.3 Std. deviation ±822.2 Std. deviation ±30.5 

mean elemental ratio= mean elemental ratio= mean elemental ratio= 
503.3 ± 316.7 833.0 ± 718.7 198.3 ± 140.5 

(62.92%) (86.29%) (21.7%) 
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B.l.1 The element pair calcium-potassium. 
B.l.l.2 Calcium as major component 
The mean elemental ratio is given by R x ;!, = R x 1.14396 and the relative 
precision is derived from the standard deviation of R 

Nominal elemental ratio 
Ca:K (10:1) Ca:K (20:1) Ca:K (50:1) 

Y(Ca) Y(K) Count Y(Ca) Y(K) Count Y(Ca) Y(K) Count 
ratio ratio ratio 

78203 1600 48.88 101101 1529 66.12 116007 1234 94.01 

78137 1281 61.0 101536 1400 72.53 116751 1260 92.66 

96996 2053 47.25 95773 1120 85.51 117592 1129 104.16 

113329 2569 44.11 98797 1533 64.45 102947 1161 88.67 

99989 2216 45.12 112256 1223 91.79 99767 1093 91.28 

R =mean count ratio R =mean count ratio R = mean count ratio 
= 49.27 = 76.08 = 94.15 

Std. deviation ±6.81 Std. deviation ±12.07 Std. deviation ±5.93 

mean elemental ratio= mean elemental ratio= mean elemental ratio= 
56.36 ± 7.79 87.03 ± 13.81 107.7 ± 6.78 

(13.82%) (15.87%) (6.30%) 
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B.1.1 The element pair calcium-potassium. 
B.1.1.2 Calcium as major component 
The mean elemental ratio is given by R X !!..K.. = R X 1.14396 and the relative 

. uca 

precision is derived from the standard deviation of R 

Nominal elemental ratio 
Ca:K (100:1) Ca:K (200:1) Ca:K ( 500:1) 

Y(Ca) Y(K) Count Y(Ca) Y(K) Count Y(Ca) Y(K) Count 
ratio ratio {Forced) ratio 

106271 784 135.55 122055 484 252.18 108924 235 463.51 

116001 650 178.46 101138 468 216.11 107420 251 427.97 

106713 925 115.37 98827 486 203.35 100554 112 897.8 

91536 475 192.71 100364 630 159.31 118527 214 553.86 

110628 785 140.93 111913 423 264.57 105124 136 772.97 

100186 619 161.85 101772 617 164.95 

105450 755 139.67 

R = mean count ratio R =mean count ratio R = mean count ratio 
= 154.14 = 200.02 = 623.22 

Std. deviation ±28.85 Std. deviation ±4 7. 76 Std. deviation ±203.9 

mean elemental ratio= mean elemental ratio= mean elemental ratio= 
176.33 ± 33.0 228.81 ± 54.64 712.94 ± 233.2 

(18.72%) (23.88%) (32.71%) 
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B.l.1 The element pair calcium-potassium. 
B.l.l.2 Calcium as major component 
The mean elemental ratio is given by R X .!!..K.... = R x 1.14396 and the relative 

uca . 
precision is derived from the standard deviation of R · 

Nominal elemental ratio 
Ca:K (1 000:1) Ca:K (5 000:1) Ca:K (10 000:1) 

Y(Ca) Y(K) Count Y(Ca) Y(K) Count Y(Ca) Y(K) Count 
(Forced) ratio (Forced) ratio (Forced} ratio 

104695 254 412.2 96401 132 730.3 98829 40 2470 

107832 187 576.6 92747 86 1079. 108893 41 2656 

111071 129 861.0 87336 193 452.5 106242 102 1042 

106499 121 880.2 97373 115 846.7 100200 304 329.6 

107687 358 300.8 96518 39 2475 106397 222 479.3 

99827 135 739.5 41425 54 767.1 105098 165 637.0 

93761 249 376.6 99060 28 3538 

R = mean count ratio R =mean count ratio R = mean count ratio 
= 592.4 = 1058.3 = 1593.1 

Std. deviation ±238.4 Std. deviation ±722.6 Std. deviation ±1273.9 

mean elemental ratio= mean elemental ratio= mean elemental ratio= 
677.7 ± 272.7 1210.7 ± 826.6 1822 ± 1457 

(40.24%) (68.28%) (79.96%) 
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B.l.2 The element pair vanadium-chromium 
B.l.2.1 Vanadium as major component 
The mean elemental ratio is given by R X ~ = R X 0.84068 and the relative 

O"V 

precision is derived from the standard deviation of R 

Nominal elemental ratio 
V:Cr (10:1) V:Cr (20:1) V:Cr (50:1) 

Y(V) Y(Cr) Count Y(V) Y(Cr) Count Y(V) Y(Cr) Count 
ratio ratio ratio 

80860 7055 11.46 236038 11374 20.75 198682 3066 64.80 

83218 9185 9.06 208673 7184 29.05 221490 4052 54.66 

84716 7923 10.69 219158 7951 27.56 204202 3711 55.03 

79036 9400 8.408 233009 10819 21.54 210345 3078 68.34 

88996 9644 9.228 205847 9205 22.36 202727 2967 68.33 

203446 2945 69.08 

' 
200752 3250. 61.77 

R = mean count ratio R =mean count ratio R = mean count ratio 
= 9.77 = 24.25 = 63.14 

Std. deviation ±1.261 Std. deviation ±3. 78 Std. deviation ±6.21 

mean elemental ratio= mean elemental ratio= mean elemental ratio= 
8.213 ± 1.06 20.39 ± 3.18 53.08 ± 5.22 

(12.91 %) (15.58%) (9.84%) 
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B.l.2 The element pair vanadium-chromium 
B.l.2.1 Vanadium as major component 
The mean elemental ratio is given by R X ~ = R X 0.84068 and the relative uv 
precision is derived from the standard deviation of R 

Nominal elemental ratio 
V:Cr (100:1) V:Cr (200:1) V:Cr (500:1) 

Y(V) Y(Cr) Count Y(V) Y(Cr) Count Y(V) Y(Cr) Count 
ratio ratio (Forced) ratio 

185869 1579 117.71 205660 827 248.68 278253 370 752.04 

198109 1793 110.49 252820 1178 214.62 255770 321 796.79 

211428 1851 114.22 252125 1113 226.53 241500 533 453.1 

209321 2154 97.18 237803 679 350.23 272727 427 638.7 

231532 2442 94.81 270861 1303 207.87 248676 432 575.64 

.96944 808 119.98 230401 1019 226.11 224578 461 487.15 

208690 638 327.1 
-

R = mean count ratio R = mean count ratio R = mean count ratio 
= 109.07 = 245.67 = 575.79 

Std. deviation ±10.65 Std. deviation ±53.07 Std. deviation ±167.64 

mean elemental ratio= mean elemental ratio= mean elemental ratio= 
91.69 ± 8.95 206.53 ± 44.61 484.06 ± 140.93 

(9.76%) (21.60%) (29.11%) 
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B.l.2 The element pair vanadium-chromium 
B.l.2.1 Vanadium as major component 
The mean elemental ratio is given by R X !!.!:.L = R X 0.84068 and the relative 

UK 

precision is derived from the standard deviation of R 

Nominal elemental ratio 
V:Cr (1 000:1) V:Cr (5 000:1) V:Cr (10 000:1) 

Y(V) Y(Cr) Count Y(V) Y(Cr) Count Y(V) Y(Cr) Count 
(Forced} ratio (Forced} ratio (Forced) ratio 

232840 449 518.6 171743 230 746.7 175917 548 321.0 

205236 546 375.9 185208 156 1187 166199 421 394.8 

178877 607 294.7 180914 361 501.2 170315 550 309.7 

209321 430 486.8 181582 394 460.9 170666 208 820.5 

259102 750 345.5 185383 368 503.8 170298 434 392.4 

208324 609 342.1 184193 465 396.1 177266 387 458.1 . 
212998 369 577.2 182455 692 263.7 195470 452 432.5 

176126 462 381.2 179494 369 486.4 

R = mean count ratio R =mean count ratio R =mean count ratio 
= 420.1 = 555.1 = 451.9 

Std. deviation ±106.6 · Std. deviation ±290.6 Std. deviation ±161.1 

mean elemental ratio= mean elemental ratio= mean elemental ratio= 
353.1 ± 89.61 466.7 ± 244.3 379.9 ± 135.4 

(25.37%) (52.35%) (35.65%) 
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B.l.2 The element pair vanadium-chromium 
B.l.l.2 Chromium as major component 
The mean elemental ratio is given by R x ~ = R x•l.18952 and the relative 

<rcr 

precision is derived from the standard deviation of R 

Nominal elemental ratio 
Cr:V (10:1) Cr:V (20:1) Cr:V (50:1) 

Y(Cr) Y(V) Count Y(Cr) Y(V) Count Y(Cr) Y(V) Count 
ratio ratio ratio 

137531 15045 9.14 143854 8170 17.61 59981 1098 54.63 

135438 13782 9.83 131988 8371 15.77 65096 1317 49.43 

137863 16194 8.51 144389 9262 14.79 63291 1056 59.93 

124972 14872 8.40 125607 9481 13.25 58785 1259 46.69 

125465 14668 8.55 142011 7411 19.16 73264 1448 50.60 

R = mean count ratio R =mean count ratio R = mean count ratio 
= 8.89 = 16.12 = 52.26 

Std. deviation ±0.60 Std. deviation ±2.32 Std. deviation ±5.15 

mean elemental ratio= mean elemental ratio= mean elemental ratio= 
10.57 ± 0.71 19.18 ± 2.76 62.16 ± 6.13" 

(6.74%) (14.42%) (9.86%) 
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B.l.2 The element pair vanadium-chromium 
B.l.2.2 Chromium as major component 
The mean elemental ratio is given by R X .£lL = R X 1.18952 and the relative 

ucr 
precision is derived from the standard deviation of R · 

Nominal elemental ratio 
Cr:V (100:1) Cr:V (200:1) Cr:V (500:1) 

Y(Cr) Y(V) Count Y(Cr) Y(V) Count Y(Cr) Y(V) Count 
ratio ratio (Forced) ratio 

122101 1216 100.16 136159 792 171.92 130181 717 181.56 

124078 1337 92.80 123125 896 137.42 131590 754 174.52 

129953 1884 68.98 119064 716 166.29 132557 640 207.12 

94833 789 120.19 124929. 684 182.64 133143 693 192.13 

126282 1552 81.37 124074 916 135.45 133180 816 163.21 

123845 899 137.76 132521 918 144.36 

135597 684 198.24 

131576 637 206.56 

' 

R =mean count ratio R = mean count ratio R = mean count ratio 
= 92.70 = 155.25 = 183.46 

Std. deviation ±19.38 Std. deviation ±20.81 Std. deviation ±22.07 

mean elemental ratio= mean elemental ratio= mean elemental ratio= 
110.27 ± 23.05 184.67 ± 24.75 218.23 ± 26.25 

(20.91%) (13.41%) (12.03%) 
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B.l.2 The element pair vanadium-chromium 
B.l.2.2 Chromium as major component 
The mean elemental ratio is given by R x ~ = R X 1.18952 and the relative 

O'Cr 

precision is derived from the standard deviation of R 

Nominal elemental ratio 
Cr:V (1 000:1) Cr:V (5 000:1) Cr:V (10 000:1) 

Y(Cr) Y(V) Count Y(Cr) Y(V) Count Y(Cr) Y(V) Count 
(Forced) ratio {Forced) ratio {Forced) ratio 

137165 692 198.2 139059 351 396.2 145708 550 264.9 

141300 661 213.8 148860 654 227.6 133830 491 272.6 

151342 829 182.6 127733 487 262.3 148562 424 350.4 

162952 906 179.9 144421 578 249.9 135813 568 239.11 

161213 881 182.99 142189 485 293.2 142856 618 231.2 

118164 566 208.77 141492 636 222.5 157347 670 234.9 
', 

125270 636 197 138262 410 337.2 155678 550 283.1 

125824 522 241.0 153622 499 307.9 

R = mean count ratio R = mean count ratio R = mean count ratio 
= 194.7 = 278.7 = 271.6 

Std. deviation ± 13.44 Std. deviation ±60.62 Std. deviation ±43.99 

mean elemental ratio= mean elemental ratio= mean elemental ratio= 
231.6 ± 15.99 331.6 ± 72.1 323.0 ± 52.33 

(6.9%) (21.75%) (16.2%) 
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B.2 Thin targets 
B.2.1 The element pair potassium-calcium 
B.2.1.1 Potassium as major component 
The mean elemental ratio is given by R x ~ = R x 0.87416 and the relative 

f7K 

precision is derived from the standard deviation of R 

Nominal elemental ratio 
K:Ca (10:1) K:Ca (20:1) K:Ca (50:1) 

Yo(K) Yo(Ca) Count Yo(K) Yo(Ca) Count Yo(K) Yo(Ca) Count 
ratio ratio ratio 

75740 6224 12.17 78552 3966 19.81 96448 . 1824 52.86 

79680 6475 12.31 77805 3443 22.60 85718 1464 58.55 

85260 7440 11.46 68610 3385 20.27 96930 1804 53.73 

82512 7172 11.51 72743 3625 20.07 72919 1239 58.85 
. 

73290 6147 11.93 71630 3596 19.92 71954 1320 54.51 

79338 6263 12.67 59979 3012 19.91 71044 1286 55.24 

R = mean count ratio R =mean count ratio R =mean count ratio 
= 12.01 = 20.43 = 56.36 

Std. deviation ±0.47 Std. deviation ±1.08 Std. deviation ±3.01 

mean elemental ratio= mean elemental ratio= mean elemental ratio= 
10.5 ± 0.41 17.86 ± 0.94 49.27 ± 2.63 

(3.91%) (5.26%) (5.34%) 
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B.2.1 The element pair calcium-potassium. 
B.2.1.1 Potassium as major component 
The mean elemental ratio is given by R X ~ = R X 0.87416 and the relative 

O'K 

precision is derived from the standard deviation of R 

Nominal elemental ratio 
K:Ca (100:1) K:Ca (200:1) K:Ca (500:1) 

Yo(K) Yo(Ca) · Count Yo(K) Yo(Ca) Count Yo(K) Yo(Ca) Count 
ratio ratio {Forced) ratio 

76709 652 117.65 54447 238 228.77 51651 263 196.39 

80001 668 119.76 56732 248 228.76 53536 278 192.58 

66473 663 100.26 66469 296 224.56 59191 237 2-49.75 

75273 618 121.80 66047 273 241.93 63495 265 239.60 

77179 621 124.28 67887 287 236.54 50855 262 194.10 

62815 618 101.64 52920 232 228.10 41348 212 195.04 

77079 691 111.57 58546 283 206.88 

R = mean count ratio R ~ mean count ratio R =mean count ratio 
= 113.85 = 227.93 = 211.24 

Std. deviation ±9.66 Std. deviation ±11.0 Std. deviation ±26.13 

mean elemental ratio= mean elemental ratio= mean elemental ratio= 
99.53 ± 8.45 199.25 ± 9.62 184.66 ± 22.84 

(8.49%) (4.83%) (12.38%) 
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B.2.1 The element pair potassium-calcium 
B.2.1.1 Potassium as majo'r component 
The mean elemental ratio is given by R X ~ = R X 0.87416 and the relative 

UK 

precision is derived from the standard deviation of R 

Nominal elemental ratio 
K:Ca (1 000:1) K:Ca (5 000:1) K:Ca (10 000:1) 

Yo(K) Yo(Ca) Count Yo(K) Yo(Ca) Count Yo(K) Yo(Ca) Count 
{Forced} ratio {Forced) . ratio (Forced} ratio 

51452 207 248.6 61659 352 176.0 41388 200 206.9 

40692 2,39 170.2 62601 225 278.2 60790 249 244.1 

45779 236 194.0 61396 287 213.9 61973 285 217.4 

54472 271 201.0 63849 294 162.1 49532 205 241.6 

53405 287 186.1 60842 287 212.0 61973 350 177.1 

50970 212 240.4 62192 291 213.7 49528 189 262.1 

54447 238 228.8 45331 202 224.4 

57665 249 231.6 45143 245 184.3 

R = mean count ratio R = mean count ratio R = mean count ratio 
= 206.7 = 214.5 = 219.7 

Std. deviation ±31.1 Std. deviation ±35.4 Std. deviation ±29.6 

mean ele~ental ratio= mean elemental ratio= mean elemental-ratio= 
180.7 ± 27.2 187.5 ± 31.0 192.1 ± 25.9 

(15.06%) (16.52%) (13.47%) 
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B.2.1 The element pair calcium-potassium. 
B.2.1.2 Calcium as major component 
The mean elemental ratio is given by R x .!!..K. = R X 1.14396 and the relative 

uca 

precision is derived from the standard deviation of R 

Nominal elemental ratio 
Ca:K (10:1) Ca:K (20:1) Ca:K (50:1) 

Yo(Ca) Yo(K) Count Yo(Ca) Yo(K) Count Yo(Ca) Yo(K) Count 
ratio ratio ratio 

59353 6048 9.81 48951 2451 19.97 69636 1554 44.81 

58208 5983 9.73 56736 2958 19.18 54510 1230 44.321 

50745 5055 10.04 46812 2352 19.90 62403 1409 44.29 

55059 5472 10.06 51690 2552 20.26 60256 1360 44.31 

59116 5915 9.99 47880 2339 20.47 58516 1272 46.0 

52532 5201 10.10 54310 2693 20.17 61020 1408 43.34 
' ; 

. 
69080 1373 50.33. 

R = mean count ratio R =mean count ratio R =mean count ratio 
= 9.63 \ = 19.99 = 51.87 

Std. deviation ±0.15 Std. deviation ±0.45 Std. deviation ±2.34 

mean elemental ratio= mean elemental ratio= mean elemental ratio= 
11.39 ± 0.17 22.87 ± 0.51 51.87 ± 2.68 

(1.51%) (2.23%) (5.16%) 
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B.2.1 The element pair calcium-potassium. 
B.2.1.2 Calcium as major component 
The mean elemental ratio is given by R x E.K.. = R X 1.14396 and the relative 

uca 

precision is derived from the standard deviation of R 

N aminal elemental ratio 
Ca:K (100:1) Ca:K (200:1) Ca:K ( 500:1) 

Yo(Ca) Yo(K) Count Yo(Ca) Yo(K) Count Yo(Ca) Yo(K) Count 
ratio ratio {Forced) ratio 

54449 584 93.24 55610 298 186.61 45483 204 222.95 

54051 638 84.72 55821 303 184.23 40769 282 144.57 

57108 582 98.12 56341 266 211.81 45512 297 153.24 

53838 586 91.87 56998 306 186.27 43683 242 180.51 . 
54579 579 94.26 60671 304 199.57 42422 242 175.3 

65505 630 103.97 52716 288 183.04 43556 241 180.73 
; 

60948 624 97.67 50141 263 190.65 49235 223 220.79 

57734 612 94.34 41855 223 187.69 41024 229 179.14 

R =mean count ratio R = mean count ratio R = mean count ratio 
= 94.68 = 191.23 = 183.18 

Std. deviation ±5.63 Std. deviation ±9. 77 Std. deviation ±10.03 

mean elemental ratio= mean elemental ratio= mean elemental ratio= 
108.31 ± 6.44 218.76 ± 11.18 209.55 ± 11.47 

(5.94%) (5.11%) (5.47%) 
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B.2.1 The element pair calcium-potassium. 
B.2.1.2 Calcium as major component 
The mean elemental ratio is given by R x E..K.. = R X 1.14396 and the relative 

<rca 

precision is derived from the standard deviation of R 

Nominal elemental ratio 
Ca:K (1 000:1) Ca:K (5 000:1) Ca:K (10 000:1) 

Yo(Ca) Ya(K) Count Yo(Ca) Ya(K) Count Yo(Ca) Ya(K) Count 
(Forced) ratio (Forced) ratio {Forced) ratio 

42692 276 154.7 40488 285 142.1 48373 236 205.0 

49781 297 167.6 42328 286 148.0 44518 311 143.1 

50229 308 163.1 40357 250 161.4 46993 292 160.9 

51872 355 146.1 43072. 286 150.6 50968 . 254 180.1 

52134 373 139.8 41140 217 189.6 50224 254 197.7 

54316 280 194.0 40693 192 211.9 42407 301 140.9 

52376 269 194.7 59160 298 198.5 43512 259 168.0 

52576 294 178.830 54488 262 207.969 42346 222 190.748 

R =mean count ratio R = mean count ratio R = me~n count ratio 
= 167.3 = 176.3 = 173.3 

Std. deviation ±20.6 Std. deviation ±28.8 Std. deviation ±24.2 

mean elemental ratio= mean elemental ratio= mean elemental ratio= 
191.4 ± 23.6 201.6 ± 32.9 198.3 ± 27.7 

(12.33%) (16.33%) (13.95%) 
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B.2.2 The element pair vanadium-chromium 
B.2.2.1 Vanadium as major component 
The mean elemental ratio is given by R x ~ = R X 0.84068 and the relative 

O'V 

precision is derived from the standard deviation of R 

Nominal elemental ratio 
V:Cr (10:1) V:Cr (20:1) V:Cr (50:1) 

Ya(V) Ya(Cr) Count Ya(V) Ya(Cr) Count Ya(V) Yo(Cr) Count 
ratio ratio ratio 

152100 13174 11.55 168990 6850 24.69 213091 3321 64.1 

142500 11814 12.06 161590 6960 23.2 161731 2651 60.98 

135284 11488 11.78 173444 6806 25.51 157102 2442 64.52 

145736 12729 11.46 154589 7009 22.08 170121 2781 61.35 

120322 10260 11.72 134529 5841 23.04 162592 2672 60.98 

124081 10308 12.03 

R =mean count ratio R =mean count ratio R = mean count ratio 
= 11.77 = 23.7 = 62.38 

Std. deviation ±0.248 Std. deviation ±1.38 Std. deviation ±1. 77 

mean elemental ratio= mean elemental ratio= mean elemental ratio= 
9.89 ± 0.208 19.93 ± 1.16 52.45 ± 1.45 

(2.11%) (5.81 %) (2.84%) 

80 



B.2.2 The element pair vanadium-chromium 
B.2.2.1 Vanadium as major component 
The mean elemental ratio is given by R X ~ = R x 0.84068 and the relative 

O'V 

precision is derived from the standard deviation of R 

Nominal elemental ratio 
V:Cr (100:1) V:Cr (200:1) V:Cr (500:1) 

Yo(V) Yo(Cr) Count Yo(V) Yo(Cr) Count Yo(V) Yo(Cr) Count 
ratio ratio {Forced) ratio 

169590 1350 125.62 169607 624 271.74 210067 724 289.86 

173358 1308 132.54 164138 708 232.56 223365 748 298.62 

180596 1320 136.8 204995 800 256.24 239045 834 286.53 

171870 1393 123.46 141565 550 257.39 168906 810 208.53 

221143 1650 134.05 150667 592 253.67 240236 917 261.98 

166397 1371 121.36 230376 946 243.31 185915 897 207.47 

R = mean count ratio R =mean count ratio R = mean count ratio 
= 128.97 = 252.49 = 258.83 

Std. deviation ±6.31 Std. deviation ±13.35 Std. deviation ±41.21 

mean elemental ratio= mean elemental ratio= mean elemental ratio= 
108.42 ± 5.31 212.26 ± 11.23 217.59 ± 34.64 

(4.9%) (5.29%) (15.92%) 
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B.2.2 The element pair vanadium-chromium ·. 
B.2.2.1 Vanadium as major component . 
The mean elemental ratio is given by R X :;; =. R x 0.84068 and the relative 

precision is derived from the standard deviation of R 

Nominal elemental ratio 
V:Cr (1 000:1) V:Cr (5 000:1) V:Cr (10 000:1) 

Yo(V) Yo(Cr) Count Yo(V) Yo(Cr) Count Yo(V) Yo(Cr) Count 
{Forced) ratio {Forced) ratio (Forced) ratio 

141954 529 268.1 108844 318 342.5 102553 388 264.3 

128452 485 264.8 101073 361 280.1 152961 635 240.9 

143549 477 301.2 95237 473 201.2 143358 308 465.4 

173012 698 247.9 148748 397 374.5 153389 430 356.7 

168515 594 284.1 167938 586 286.5 153356 463 331.2 

142554 402 354.6 123669 467 264.6 127032 280 453.7 

24948 109 228.8 116959 384 304.6 

R = mean count ratio R = mean count ratio R =mean count ratio 
= 286.8 = 282.6 = 345.3 

Std. deviation ±37.84 Std. deviation ±60.41 Std. deviation· ±87.21 

mean elemental ratio= mean elemental ratio= mean elemental ratio= 
241.1 ± 31.82 237.58 ± 50.79 290.25 ± 73.31 

(13.20%) (21.38%) (25.26%) 

82 



B.2.2 The element pair vanadium-chromium 
B.2.2.2 Chromium as major component 
The mean elemental ratio is given by R x ~ = R x 1.18952 and the relative 

ucr . 

precision is derived from the standard deviation of R 

Nominal elemental ratio 
Cr:V (10:1) Cr:V (20:1) Cr:V (50:1) 

Yo(Cr) Yo(V) Count Yo(Cr) Yo(V) Count Yo(Cr) Yo(V) Count 
ratio ratio ratio 

84548 10217 8.28 135472 7438 18.22 226736 4846 46.73 

82477 10274 8.03 143680 7796 18.42 193641 4220 45.89 . 

77659 9466 8.20 138568 7168 19.34 195172 4165 46.86 

87780 10513 8.35 135003 7314 18.45 190759 4025 47.39 

89798 10761 8.34 121345 6548 18.52 198424 4298 46.02 

108776 5864 18.55 172688 3909 44.25 
; 

R =mean count ratio R = mean count ratio R = mean count ratio 
= 8.24 = 18.58 = 46.19 

Std. deviation ±0.132 Std. deviation ±0.39 Std. deviation ±1.103 

mean elemental ratio= mean elemental ratio= mean elemental ratio= 
9.8 ± 0.157 22.1 ± .464 54.94 ± 1.31 

(1.6%) (2.1%) (2.39%) 
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B.2.2 The element pair vanadium-chromium 
B.2.2.2 Chromium as major component 
The mean elemental ratio is given by R X 2.lL. = R x 1.18952 and the relative 

ucr 

precision is derived from the standard deviation of R 

Nominal elemental ratio 
Cr:V (100:1) Cr:V (200:1) Cr:V (500:1) 

Yo(Cr} Yo(V) Count Yo(Cr) Yo(V) Count Yo(Cr) Yo(V) Count 
ratio ratio {Forced) ratio 

152021 1765 86.13 123975 670. 185.04 44231 141 313.48 

155956 1849 84.35 77528 400 193.82 51290 138 337.84 

175280 2240 78.25 77233 428 180.45 59208 168 352.11 

156249 2130 73.36 84796 510 166.27 101716 250 406.50 

174977 2390 73.21 117502 595 197.48 99052 338 495.05 

172320 2310 74.60 127747 678 188.42 95388 250 381.68. 
·, 

121718 684 177.95 168959 338 500.0 

154498 318 485.44 

R = mean count ratio R = mean count ratio R = mean count ratio 
= 78.32 = 184.20 = 409.01 

Std. deviation ±5.69 Std. deviation ±10.51 Std. deviation ±75.31 

mean elemental ratio= mean elemental ratio= mean eleme;ntal ratio= . 
93.16 ± 6.77 219.11 ± 12.5 486.53 ± 89.59 

(7.27%) (5.7%) (18.41%)\ 
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B.2.2 The element pair vanadium-chromium 
B.2.2.2 Chromium as major component 
The mean elemental ratio is given by R x ~ .:.... R x 1.18952 and the relative 

<rcr 

precision is derived from the standard deviation of R 

Nominal elemental ratio 
Cr:V (1 000:1) Cr:V (5 000:1) Cr:V (10 000:1) 

Yo(Cr) Ya(V) Count Yo(Cr) Ya(V) Count Yo(Cr) Ya(V) Count 
(Forced) ratio (Forced) ratio (Forced) ratio 

84865 423 200.8 86543 276 314.5 128506, 299 429.8 

99855 357 279.3 108834 323 336.7 91389 565 161.8 

104030 369 281.7 112019 342 327.9 91854 241 381.1 

91661 411 223.2 107440 328 326.8 107173 256 418.6 

152067 457 332.2 164839 505 253.8 133444 346 385.7 

154745 421 367.6 150190 591 386.1 154065 341 451.8 

107336 278 283.3 191369 330 434.9 

R = mean count ratio R =mean count ratio R = mean count ratio 
= 280.8 = 318.4 = 380.5 

Std. deviation ±63.1 Std. deviation ±41.83 Std. deviation ±99.82 

mean elemental ratio= mean elemental ratio= mean elemental ratio= 
334.04 ± 75.05 378.78 ± 49.76 452.6 ± 118.7 

(22.47%) (13.14%) (26.23%) 
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