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ABSTRACT

In this work samples containing Cr, Fe and Ni salts in varying ratios

were prepared so as to represent approximately the concentrations of these

elements in naturally occurring ore samples. These samples were then

analyzed by EDXRF spectrometer system and the interelement effects

( absorption and enhancement) were evaluated by means of two methods: by

using AXIL-QXAS software to calculate the effects and by the emission-

transmission method to experimentally determine the same effects.

The results obtained were compared and a discrepancy in the

absorption results was observed. The discrepancy was attributed to the fact

(hat, the absorption in the two methods was calculated in different manners,

i.e., in the emission-transmission method the absorption factor was

calculated by adding different absorption terms by what is known as'UJhe

additive law, but in the software program it was calculated from the

scattered peaks method which does not obey this law.

It was concluded that the program should be modified by inserting the

emission-transmission method in the software program to calculate the

absorption. Quality assurance of the data was performed through the

analysis of the standard alloys obtained from the International Atomic

Energy Agency (IAEA).
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CHAPTER ONE

INTRODUCTION

The need to determine the elemental content of several materials at

the major and trace levels has lead to the development of several analytical

techniques. One of these techniques, X-ray fluorescence analysis (XRF) is

a powerful physical technique, which is a nondestructive instrumental

method for qualitative and quantitative analysis of chemical elements. It is

based on measurements of energies and intensities of the X-ray spectral

lines emitted by secondary excitation of the elements of interest. The

primary beam of photons from an X-ray source strikes the specimen

(sample or standard). The absorption of these photons by photoelectric

effect produces vacancies in the inner electron shells of the atoms of the

material. Electrons from the outer shells transfer to fill these vacancies,

followed by the emission of secondary spectral lines having characteristic

energies of the element (basis of qualitative analysis), and intensities

related lo its concentrations (basis of quantitative analysis) [1]. "

XRF system consists of three main parts: the excitation source, the

specimen presentation apparatus, and the X-ray spectrometer. The

function of the excitation source is to excite the characteristic X-rays in the

specimen via the X-ray fluorescence process. The specimen presentation

apparatus holds the specimen in a precisely defined position during the

analysis and provides for introduction and removal of the specimen from

the excitation position. And the X-ray spectrometer includes a collection



of components used to disperse, detect, count and display the spectrum of

X-ray photons emitted by the specimen.

The position of the peak of the X-ray spectrum indicates what kind

of atoms are present, while the number of counts (the area under the peak)

is related to the number of atoms of the element in the sample. The method

covers nearly all the elements (z >14) in the periodic table, and with

recently introduced transparent window and windowless detector system,

elements down to carbon or boron can be detected. It offers a wide

dynamic range of analysis, from 100% to ppm levels and even down to a

few ppb using new exciting sources.

The major requirements of an excitation source are that it should be

stable, efficient and sufficiently energetic to excite the elements of interest.

To be efficient it must yield a high counting rate for each analyte line and

also provide a high peak-to-background ratio. Energy-dispersive

spectrometers are based on the use of various excitation sources. For

specific applications requiring a rather narrow range of performance,

X-ray or gamma-ray emitting radioisotopes are convenient as excitation

sources. However, for broad range of capability and more demanding

<ipplicntions, some form of X-ray tube excitation is usually employed.

1 UMICC, energy-dispersive X-ray fluorescence (EDXRF) spectrometry is an

established technique for quantitative and qualitative elemental analysis. It

is presently used in the analysis of various samples, including

environmental samples, biological samples such as plants, human and

animal tissues, geological samples, ...etc. The wide applications of the

XRF analytical method is due to the following:

1- Elemental analysis via the characteristic X-ray spectra is simple, due to

the relative simplicity of the X-ray spectra.



2- X-ray analysis is non-destructive.

3- The material to be analyzed may be in a variety of forms i.e. solid,

liquid, powder, gas, ...etc. and one may in some circumstances

accomplish analysis where more than one form (phase) of the analyte

is present in the specimen.

4- The requirements for sample preparation are frequently minimal, and

systems may accommodate samples of a variety of sizes, shapes and

forms.

5- Intrinsic capability of XRF to analyze for a wide range of elements

simultaneously, with "real-time" information.

6- The high efficiency of the solid state detector system affords in many

cases simplification of the excitation source; for instance, it allows the

use of compact radio-active sources.

7- Wide dynamic range of analysis, i.e. from 100% concentration to less

than Ippm.

In this study the XRF technique is applied for the analysis of

chemical salts containing Cr-Fe-Ni mixed in different amounts, to measure

the absorption by elements and enhancement factors of each element on

the other. The salts were chromium carbonates, iron sulfates and nickel

nitrates. These salts were mixed homogeneously and then pressed into

pellets.



CHAPTER TWO

ABSORPTION AND

ENHANCEMENT EFFECTS IN XRF

2.1 INTRODUCTION

X-ray fluorescence spectroscopic analysis arises when vacancies occur

in the inner orbits of the atoms. X-ray spectral lines are created as a result of

the following two processes:

1- Primary X-rays from X-ray tube or radio-active source, or accelerated

pnrticles such as electrons, protons, alpha-particles or ions, of energies just

grepfcr lhan that of the analyte absorption edge, create vacancies in the atoms

of'il'c cement under study.

2- Secondary X-rays from the target element are then emitted, which are

charnctcristic of the element, with intensities proportional to its concentration.

2.2 INTERACTION OF X-RAYS WITH MATTER

Macroscopically, the absorption of a perfectly collinear monochromatic

X-ray beam of intensity Io (usually given in terms of counts per second) which

is incident on an absorber having uniform thickness d and density p, follows

an exponential law which is described by the Bear-Lambert law:

= I0(E)exp.[-Mnl(E)pd] (2.1)



where I (E) is the intensity of a beam of energy E after passing through a

thickness d of the material, Io (E) is the initial intensity, ]im (E) is the mass

attenuation coefficient (measured in (cm2, g'1)) and pd is the so-called aerial

density with units (g . cm'2)[l].

For the purposes of X-ray fluorescence, there are three modes through

which X-ray photons interact with an atom, i.e., photoelectric interaction,

elastic scattering (coherent or Rayleigh scattering) and inelastic scattering

(incoherent or Compton scattering). Pair production interaction is ignored since

the threshold energy required is greater than (1.02 MeV), while in XRF we are

dealing with energies in the range (2-60 keV).

in the photoelectric interaction the photon energy is completely

converted into the ejection of an electron. Part of the energy is used to pull the

electron from its orbit and the remainder of energy appears as the kinetic

energy of the now free electron. This process requires a minimum energy or

"critical energy " equal to the binding energy of the electron. The probability

for the photoelectric effect exhibits characteristics of discontinuities. These are

called absorption edges and occur at the critical energy for the shell in

question. The following relation depicts the process:

K.E. = hv - B.E. (2.2)

where hv is the incident photon energy, B.E is the binding energy of the orbital

electron and K.E is the kinetic energy of the ejected electron. Figure (2.1)

illustrates the photoelectric cross-section of W as a function of radiation

energy, based on the coefficients in McMasters tables [3]. The
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inner electrons are predominant contributors to the photoelectric effect, so the

interaction will be in K, L, M shell, ...etc., in decreasing order of importance.

Auger effect is an internal process that occurs when the initially emitted

characteristic X-ray is internally reabsorbed within the atom. If, for instance, a

K-she11 vacancy has been created, the characteristic X-ray photon that follows

on its way out may interact with an L shell electron resulting in the ejection of

the electron. This electron is called auger electron. The absorption interactions

of photons with the atom is shown in figure (2.2).

Elastic scattering (Rayleigh) is the result of elastic collision of photons

with firmly bound electrons to the atom. The photons are scattered with no loss

of energy. The large number of firmly bound electrons in heavier elements

accounts for the rapid increase of coherent scattering with the increase in the

atomic number.

In Compton effect (or incoherent scattering) the electron may be

considered free, and loosely bound to the atom. The incident photon loses

some of its original energy as it changes its direction following the interaction.

The probability for inelastic scattering is inversely proportional to the atomic

number Z. The incoherent energy of the photon is then given by

Einc = EoK! + (Eo / m0 c
2))(l - cos$)) (2.3)

where Eo is the energy of the incident photon, mo c2 is the rest energy of the

electron which approximately equal to (511 keV) and <t> is the scattering angle

of the incident photon [2]. The photons scattered by Compton orRaylieh

processes can reach the detector and contribute to the measured counts. The

scattered peaks formed can be used to estimate the matrix composition of the

specimen. [4]



2.2.1 X-RAY ABSORPTION PHENOMENA

There are four X-ray absorption coefficients derived from Beer-Lambert

1

1- Linear absorption coefficient Lin,, gives the absorption per unit thickness

(cm'1)

H,in = l n ( I o / I ) / d (2.4)

2- Mass attenuation coefficient fim gives the absorption per unit mass

\rv unit area (cm2. g' l)[7]

yim = m™ / P (2.5)

3- Atomic absorption coefficient JJ. a gives the absorption per atom 1 A • unit

area (cm2, atom ~l).[7]

M a = n,in . A / N . p = JLX /n (2.6)

where A is the atomic weight, N is the^vogadros number and n is the number

of atoms per unit volume.

4- Molar absorption coefficient gives the absorption per mole, w 'unit area

(cm2, mole ~l)[7].

(-1 mole = jl lin . A / p ' (2.7)



The mass attenuation coefficient jim accounts for the various interactions

which can occur in the specimen. Thus |Um is composed of three major

components

)um(E) = x(E) + cr coh. (E) + a inch (E) (2.8)

where i (E), a COh. (E) and cr i,,Ch (E) are photoelectric, coherent and incoherent

mass attenuation coefficients, respectively[6].

In photoelectric absorption, photons are completely absorbed, giving

energy to expelling and imparting kinetic energy to orbital electrons with

consequent emission of X-ray spectral lines. Figure (2.2) illustrates this

interaction.

In the scattered processes, photons are not absorbed, but deflected from

their collimator path in the absorber. Figure (2.3) illustrates the Compton

scattering.

2.2.2 ABSORPTION EDGES

Some considerations of the absorption edges are necessary for

understanding secondary excitation. The X-ray absorption coefficient of an

element that is, its X-ray "stopping power" decreases with X-ray energy of the

excitation source within certain limits. The limits are sharp discontinuities

which are observed on absorption curves, and they are related to the critical

energies. A minimum photon energy that can expel an

electron from a given level in the atom is known as the absorption edge of that

element. Each element has many absorption edges as shown in figure (2.1).
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2.3 ABSORPTION FACTOR

The absorption phenomena is the major contribution to the interelement

effects. In this section, it is assumed that the fluorescent element is not

enhanced by any other element in the sample. So that its emission is due solely

to the excitation by the primary energy. Taking into account that the excitation

is monochromatic, the fluorescent intensity is simply given by

It (E) = Sj (E) . Q . Ai (E) (2.9)

where

Ai(E)=l-e a % ( E ) p d /a(E) (2.10)

known as the absorption factor, S, (E) is the sensitivity of the system, Q is the

concentration of the element i in the sample and a (E) is the average

absorption correction factor which is given by

a(E) = M™ (Eo ) csc OP 0 + Mm (E i) esc (¥ 2) . (2.11)

where Eo is the incident energy of the photon, Ej is the emergent energy, ^ is

the incident angle and NP2 is the emergent angle as shown in figure (2.4).

For thin samples the absorption is negligible and the relation between

the concentration and the intensity is linear therefore eqn. (2.9) simplifies to

Ii(E) = Si (E). Q (2.12)

11



For infinitely thick samples pd in the absorption term shown in

equ. (2.10) tends to infinity and the eq«. (2.10) reads as

A i ( E ) = l / a ( E ) (2.13)

The equation that relates the intensity and the concentration becomes

= Si (E) .Ci /a(E) (2.14)

2.4 ENHANCEMENT FACTOR

The enhancement also is a major contribution to the interelement effects,

and it occurs when the radiation from another element in the specimen excites

the analyte. The basic rule for the excitation is that only X-ray photons with

energy higher than that of the absorption edge of a particular element can

excite the fluorescence of that element. This contributes more to the

characteristic lines of the target that are excited by the primary X-rays. The

primary spectrum is the major contribution to the emission of the specimen.

Secondary fluorescence is associated with an element of higher atomic number

thnn that of the fluorescent element. For example consider a Fe-Ni alloy

submitted to the same incident radiation. Both elements 'are excited by the

primary radiation and consequently the Fe atoms are also subjected totheNi

fluorescent radiation. Because Ni-Ka radiations are sufficiently energetic to

12
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excite Fe atoms, an additional Fe emission is observed as secondary

fluorescence, which is indirectly produced by the primary radiation with

energies greater than Ni energy absorption edge (E abs), i.e., those that excite

the Ni-Kct line, and due to the enhancement factor H j(E) the intensity should

be given by[4]

S i (E ) .C i .A i (E ) .H i (E ) (2.12)

14



CHAPTER THREE

EXPERIMENTAL SET UP

3.1 INTRODUCTION

An energy dispersive X-ray fluorescence (EDXRF) system consists of

several basic functional components, as shown in figure (3.1): an X-ray

excitation source, sample holder, Si(Li) detector, preamplifier, main amplifier,

multichannel analyzer and computer with XRF software. The sample to be

analyzed for elemental composition is irradiated using X-ray source

(either tube or Cd source). The characteristic X-rays of the elements present in

the sample are produced during the irradiation and are detected by the Si(Li)

dc'cofor. The charges which are collected by the detector provide an electrical

sienni proportional to the X-ray energy emitted. This signal passes to a

preamplifier mounted with the detector, which integrates each detector signal

to produce a voltage pulse proportional to the number of charges. These pulses

are then amplified and shaped by the linear amplifier. The amplified signal is

processed and displayed on a multichannel analyzer (MCA) which is

connected directly to the computer where the X-ray spectrum is analyzed. An

enlarged view of the XRF spectrometer system for radio-isotope excitation is

shown in figure (3.2).

3.2 Si(Li) DETECTOR

It is a type of semi-conductor detector. When ionizing radiation falls on

the Si(Li) crystal it makes it momentarily conducting. In the crystalline

15
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configuration of most semi-conductors, this ionization described as the creation

of a " hole-electron" pair (the hole is the site in the lattice, effectively carrying

a positive charge by virtue of raising an electron into the energy level that is

shared by the entire crystal, the conduction band). Hence, with the electric

potential applied across the crystal, the semi-conductor character permits very

little current to flow in the quiescent state. The absorption of the ionizing

radiation creates an amount of "free" charges which ideally are proportional to

the energy deposited by the incident radiation. These charges are swept away

by the applied potential as the charge pulse, which in turn forms the basis for

qualitative "detection" of the events as well as carrying a measured energy of

the absorbed radiation. The proportionality between charges and deposited

energies is the key to the "energy spectroscopy" by which this system permits

measurements of the spectra. The high resolution capability of the

semi-conductor detector rests on the high statistical precision in its transducer

action ,i.e., the energy to charge conversion. If the energy required for an

electron-hole pair creation is small (the so-called band-gap energy Eg of the

crystal), a large number of electron-hole pairs will result from a given energy

deposit yielding excellent statistical definition of the "size" of the charge pulse.

At the same time, the band gap energy will riot be too small, as the thermal

excitation of electrons across the band gap will constantly create electron-hole

pairs (intrinsic conductivity). This factor narrows down the number of

semi-conductors that have the necessary compromised value range for the band

gap energy. A second important requirement is that the crystal must be quite

pure. Certain types of impurity atoms combine actively with the basic lattice

atoms, yielding free charge carriers and increasing the crystal conductivity as

well as causing high leakage current. Impurities also create trapping centers,

having the capability of trapping charges, and hence, causing loss of signals

17
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and possible polarization. This may affect the resolution capability of the

detector. Furthermore, trapping and the associated phenomena of

recombination demands that the collection time is short. Finally the general

absorption property should be high in order to make the detector more

c'Ticicnt.

Only two types of semi-conducting materials of high efficiency and

good resolution have so far been found ,i.e. , silicon and germanium. By

drifting lithium atoms into the crystal (Si or Ge), the lithium atom will

effectively create intrinsic material with high resisitivity. Such detectors are

denoted by Si(Li) or Ge(Li). Such high resolution detectors are cooled to

temperature of liquid nitrogen (77 K). The excitation source produces X-rays

that are employed to generate X-ray fluorescence in the sample. A Si(Li)

detector normally consists of protective Be window, a gold contact layer, a Si

dead layer and the Si(Li) active crystal. The Si(Li) detector used in this work

has the following properties: Be window of (25.4 micron), gold contact layer

of (0.02 micron), dead layer of (0.15 micron) and the active depth

of (3.00 mm).

3.2.1 ENERGY RESOLUTION

The fundamental interactions we are dealing with in the Si(Li) detector

are the photoelectric and scattering interactions. The band gap energy for

silicon is ( ~ 1.1 eV). Due to these interactions competing for the energy, the

average energy expended per electron-hole pair is of the order of (3.8-3.9 eV)

at. the operating temperature of (77 K).

It was observed that the empirically obtained value of the detector

resolution is considerably better than that obtained from pure statistical

predictions. This is incorporated in the so-called " FANO factor", and the

19



root-mean-square (r.m.s) fluctuations are related to the full-width-half-

maxiimim (FWHM) value of statistical spread as

FWHM(eV) = A/FWHM2
no,,, + (2.35VFsE)2 (3.1)

where s is the energy in keV, E is the energy in eV per electron-hole pair, F is

the FANO factor (dimentionless) and F WHMnojse is the effect of the electronic

noise involving the electronic system. The detector resolution is conventionally

specified at (5.9 keV) of Mn-55 X-rays by using Fe-55 as excitation source.

The most frequently employed specification is to give full-width-half-maximum

(FWHM) in eV. The resolution of the spectrometer used in this work was

found 1o be (175 eV).

3.2.2 DETECTION EFFICIENCY

For a given detector type, the overall detection efficiency is influenced

by a number of factors, e.g., area and thickness of the active region, dead layer

and contact material, the entrance window and the air gap traveled by the

fluorescent radiation. At low energies the absorption effect in the Beryllium

entrance window is calculated from the known absorption coefficient of Be.

Additional effects are calculated for gold contact and detector material.

Towards higher energies the "full energy" peak efficiency becomes a function

of the thickness of the active volume of the crystal which is based on

photoelectric absorption as well as Compton scattering. The efficiency is given

by the following formula:

.[1 -exp.(-jisi(E)xSi)] (3.2)

20



where xBe ,̂ Au ,?&\ and x^ are the thicknesses in (g . cm"2) of the Be window,

the Au contact layer, the dead layer of Si and the Si crystal active volume,

respectively [7].

3.2.3 THE ESCAPE PEAKS

The energy transfer in the detector is in part through the photoelectric

absorption, creating Si X-rays which are again reabsorbed. However, a finite

probability exists for the escape of Si ka X-rays (E = 1.74 keV). These events

are lost from the full energy peak (parent line) and reappear in the spectrum as

a separate peak.

3.2.4 GEOMETRICAL FACTORS

The geometrical detector efficiency is determined by two parameters,

i.e., the effective area of the detector intercepting the beam, and the

source-to-detector distance. These parameters define the solid angle subtended

by the detector relative to the source. In figure (3.3) the solid angle is defined

as

n = A. cos (a) /d 2 (3.3)

where A is the detector area, d is the source-detector distance and a is the

angle between the source point on the surface region and the line on the center

region. The solid angle is dimentionless quantity expressed in sterdians. The

requirements for high resolution contrast with the demand for high efficiency

21



(large detector, close operation). The instrumental constant G is related to the

geometrical arrangement and theoretically equal to

G = dQj . dn2/47t cos(i|/i) (3.4)

where dQ\ and d^2 are differential incident and emergent solid angles of the

X-ray beams and \\i\ is the incident angle relative to the normal of sample

surface. In practice, however, the value of G can be obtained by measuring a

standard [4].

3.3 SIGNAL PROCESSING

3.3.1 PREAMPLIFIER

The information of the absorbed radiation from the detector is presented

as a burst of charges (pulses) collected at the detector terminal. The

preamplifier is the charge sensitive stage. Its function is to integrate the total

charge collected (i.e., a current integrator) and convert it to a voltage signal

that retain the proportionality to the energy deposited, and to keep the

electronic noise low.

By means of electronics, the band pass filter is controlled by shaping

time constants, the noise suppression is permitted, and also increasing detector

capacitance increases the optimum time constant. In order to assume that

complete charge collection occurs, the preamplifier is normally adjusted to

provide a decay time for the pulses which is quite long.

22
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3.3.2 THE AMPLIFIER

The fundamental function of the main amplifier is to amplify the signals

from the preamplifier and to shape it into suitable presentation to the various

types of recording and storage devices (multichannel analyzer (MAC),

singiechannel analyzer (SCA), counter, timer,...etc.). Together with the

amplifier a number of interrelated performance factors must be considered as

pulse amplitude linearity, noise rejection (pulse shaping), base line stability

(d-c restoration), pulse pile up (pile up rejection), overload recovery,...etc. The

pile up distorted signals are lost from the proper energy peak location. The

"lost pulses" are being recorded as a continuum in energy region above the

proper location. The absolute loss of counts from full energy peak is less

important than the fact that the pile up loss is not linear with count rate. The

second effect of pile up continuum made up of the pulses lost from the full

energy peak is to create an effective background over this energy region,

impairing the analytical performance with regard to statistical precision and

detection limit for elemental analysis via peak energies in this region.

3.3.3 MUTICHANNEL ANALYZER (MCA)

The multichannel analyzer (MCA) performs a sorting function on the

variation in pulse amplitude (pulse-height) of the pulses presented by the linear

system and ultimately stores and counts the number of pulses that fall within

discrete "windows" of analog-to-digital converter (ADC).

24



3.3.4 THE PILE UP REJECTER

The basic operation mode of this function is as follows: From the output

of the preamplifier, a separate "fast" signal channel is established that inspects

the time interval between successive pulses. Keyed to the information of the

effective pulse width in the slow channel (pulse shaped channel), a gate signal

is provided, denying passage of signals where effective overlap is detected.

The pile up effect must provide sensing both for (leading edge) and (trailing

edge) pile up, and optimum performance discriminate between the two types. It

is to be noted that with, increasing input pulse rate to the amplifier pile up

rejecter system, the relative output rate will be decreased.

3.3.5 DATA PROCESSING SYSTEM

The basic multichannel analyzer function as described above is to store

in d'<r\~i! form the "intensity versus energy" distribution of the detected X-rays,

i.e., the spectrum, which may be displayed in analog form on an oscilloscope at

various levels of information. The following list represents various levels:

1- The determination of the energy of the X-rays corresponding to the "peak"

in (he recorded spectrum by energy calibration of the system.

2- Determination of the intensity of the characteristic X-ray emission by

totaling the counts of the peak (integrating the area). Only the net counts reflect

the element concentration.

3- Determination of concentration of the elements detected in the specimen via

calibration and computations with the aid of the computer software.
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3.3.6 EXCITATION SYSTEM

The optimum choice of excitation mode and excitation energy is

generally affected by a number of factors, i.e., optimum excitation efficiency,

line (peak) interference or overlap, matrix enhancement and absorption,...etc.

Ideally, each element should be analyzed via emission lines with optimum

efficiency and fluorescent yield. The photon excitation systems commonly used

include the radioisotope excitation system with annular source, and tube

excitation using X-ray generators. In this work the radioactive source Cd-tO9

was used for high atomic number elements while Fe-55 radioactive source was

used for the low atomic number elements.

3.4 SAMPLE PREPARATION

In nny elemental analysis using XRF, the process of sample preparation

is still a major difficulty, due to the fact that only a thin layer of a sample is

used to perform the elemental analysis. Therefore the sample must be evenly

distributed and homogeneously mixed for the results to be representative of the

whole sample.

The samples which are used are usually in fine powder. These powders

are mixed homogeneously and then pressed into pellet form using-a pressing

machine. A pressure of about (15 tons) is usually applied to make a good

pellet.

3.5 CALIBRATION OF RADIO-ISOTOPE EXCITED SYSTEM

Measurements were performed to calibrate the radioactive Cd-109

excited X-ray spectrometer using thick standards. The angle of the incident
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beam is (40.5°) and that of emergent beam was (71.5°). The energy calibration

was carried out regularly before each measurement. The system calibration

was usually done by using pure metal foils to calculate the sensitivity of the

spectrometer system. In this work all the foils used were irradiated for

(20 sec.) in the same geometry as that at which the samples were measured.

The irradiating time for the samples was much greater than that of the foils so

as to get better intensity and to make sure that all the elements in the sample

were having well known peaks. The instrumental constants were measured by

using quantitative analysis by fundamental parameters software for K-line and

L-line elements (as shown in table 3.1). These average instrumental constants

depend on the geometry of the system. To measure the absorption, the

constants for scattered region are determined from the relation

G inc= Gcoh = G / 4 T T (3.5)

where G is the average instrumental constant and Ginc , GCOh are the

instrumental constants for the incoherent and coherent scattered radiation,

respectively [4].

3.5.1 THEORETICAL CONSIDERATIONS

In case of thick samples the intensity of the element can be expressed as

Si(E).Ci .Ai(E) (3.6)

where S; is the sensitivity of the X-ray fluorescence system (calibration

constants), Q is the concentration of the element (i) and Aj (E) is the

absorption factor of element i which depends on the energy.



For an intermediate thick sample of thickness d, the emission of the

Ka- line is dependent on the following:

1 - The radiation intensity that reach the volume element after attenuation by

path length d / sin % where ^ i is the incident angle.

2- The absorption fraction of the primary radiation in the volume element

3- The Ka fluorescence emission is obtained by multiplying the number of the

absorbed photons by the excitation factor.

4- The fluorescent radiation's are emitted uniformly in every direction and the

fraciion that enters the collimator is d Q. I An .

5- The fluorescent radiation emitted in the direction of the collimator is in turn

attenuated by the path length d / sin W2, where ^2 is emergent angle. Figure

3.4 shows the factors thatfinvolved in the relation for intensity for the

intermediate thickness sampleCr-eAahon -X-<3f) •

3.5.2 MEASUREMENTS AND RESULTS

The XRF spectrometers consists of Si(Li) detector, radioactive source

with direct excitation geometry, together with Canberra electronics including

pileup rejection. The spectral data were analyzed using a program in

AXIL-QXAS package known as quantitative analysis using fundamental

parameters on Olivetti PC .

Sensitivities were obtained for K and L lines for the elements measured.

All samples were metal foils of pure elements, so that there were no

enhancement effects on the measured X-ray intensities.
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The results obtained for calculating the average instrumental constants

G for each element are tabulated in table (3.1). From these constants the

represents the average instrumental constant which was used to

inc sensitivity for each element in each sample, and from eqn.(3.5) the

fiver? ge instrumental constants for coherent and incoherent scattered peaks

were calculated, so as to use these values to measure the absorption of the

sample from scattering.
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'Tvbl~ ?J Instrumental constants of K and L lines of some elements

excite by Cd-109 souree and measured by quantitative analysis using

fundamental parameters software.

Element

Ti

Fe

Cu

Ni

Pb

pd (g.cm"2)

Thick

Thick

Thick

o.m
0.226

Instrumental constants

67.5790

68.0081

65.5775

67.7070

69.4666

The average instrumental constant G as calculated from the above values

is equal to 68.852 and from eqn. 3.5 GCOh and G;nc was found to be equal to

3.18.
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CHAPTER FOUR

CORRECTIONS
FOR ABSORPTION AND

ENHANCEMENT EFFECTS IN XRF

4.1 INTRODUCTION

Because of the theoretical equations which express the relation between

the fluorescent intensities and the composition, the theoretical calculations of

the fluorescent intensities have been covered in this chapter.

When primary radiation of X-ray source excite atoms in a specimen, as a

result the emission of characteristic or fluorescent radiation occurs in every

direction. The fraction of this radiation that passes through the collimator is in

the form of a parallel beam that is directed towards the analyzing crystal.

Quantitative energy-despersive X-ray fluorescence analysis (QXRF) can

be performed using a theoretical approach, i.e., the fundamental parameters

method approach, which describe mathematically the intensity of the emitted

characteristic X-ray line making use of the physical constants such as mass

attenuation coefficients, which can be obtained readily from the physical

constants tables.

4.2 THEORY

When a beam of X-ray interacts with the matter, several interactions

occur as shown in figure (4.1). As a results of these
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interactions the intensity of the beam is attenuated. Two processes are

important: the photoelectric and scattering interactions. The photoelectric

includes characteristic X-ray emission, the photoelectron ejection and the

Auger electron ejection. Scattering interactions include coherent and incoherent

scattering. These interactions are strongly influenced by spectral distributions

of the incident beam and the sample composition. The probabilities of these

interactions to occur are governed by certain fundamental aspects of the

physics of the atom, known as selection mles, in which any transition from the

initial to the final energy level must obey the following rules:

An > 1 , Al =± 1 , Aj= ±1 orO (4.1)

where n is the principle quantum number, 1 is the orbital quantum number and

j is the total quantum number. The transitions predicted by the selection rules

are shown in figure (4.2). Table (4.1) shows the characteristic K-lines of the

spectrum.

A fundamental parameter is considered a relation between measured

fluorescent intensities and elemental concentrations. For a homogeneous

sample the relation between the weight fraction Wj of an element i and the net

count rntc Nu of a particular line can be written as[4]

N
iv = ^ (4.2)

where G is the instrument constant, S(EJL) is the relative efficiency for the

characteristic radiation energy EJL, I(En) is the primary X-ray intensity at
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energy En of the radiation source, QiL(En) is the production cross section of the

characteristic line L of element i for the excitation by photons of energy En,

AiL(En) is the absorption factor for the L line of element i excited at energy En

and Hii,(En) is the enhancement factor for the line L of element! excited at

energy En.

4.2.1 ABSORPTION CORRECTION FACTORS

When a beam of X-ray photons of intensity I0(E) passes through

amaterial, some of the photons are attenuated in the interaction processes

following Bear-Lamber law (see eqn. 2.1). Both incident X-ray beam and

fluorescent radiation suffer an intensity decrease due to the absorption in the

sample. The absorption correction factor accounts for absorption in the sample

of thickness d and is given by

in which

COSV|/, COS\|/2
(4.4)

where p is the sample density (g.cmf3), d is the linear sample thickness (cm),

|H(EJL) and ji(En) are the mass attenuation coefficients of element i of the line L

and of the source radiation of energy En, respectively, and *Fi, T2 are the

incident and emergent angles, respectively.
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In the case when the characteristic line Ka is chosen as the analytical line the

production cross section is given by

s,,*-l

0 Ei,k <En

(4.5)

And if an La line is chosen

where

(4.6)

(4.7)

in which the L-subshell photoelectric absorption cross sections are respectively

given by[4]

S, „ -1
(4.8)

Ji,l2

E,u >En> Eu

E. < E.

(4.9)
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£,„>£„*£,.„ (4.10)

The photoelectric absorption cross section can be expressed as the sum

of probabilities of all ionizing shells[4]

(4.11)

(All p'-nmcicrs were defined in table 4.2).

there me some abrupt discontinuities in x as a function of energy E because the

probability of ionizing the shell is zero if the incoming photon energy is less

than the binding energy of that particular shell.

4.2.2 ENHANCEMENT CORRECTION FACTOR

The measured characteristic line intensity of the element i can be

enhanced by secondary excitation by the element j when the characteristic

photons of element j (originating from excitation by the primary excitation En)

has sufficient energy to expel an inner electron of element i. This causes an

increase in the intensity in addition to the intensity due to the primary excitation

which needs to be taken into account in quantitative analysis. The enhancement

factor can be calculated as[4]
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K\l-iiL>l'n)

(4.12)
J *

( All parameters were defined in table 4.2). And the element j is the element

whose characteristic line m can excite the characteristic line L of element i .

The term Y;i is rather complex and is given by

COSM'

Y; = exp.[-x(£B, E
COSV|/2

-Qxp.\-%(En,EiL)pd]F2 +F 4 -F5

(4.13)

in

COSV)/, COSV|/

n— vd (4.14)

(4.15)

'•'X +jm cos \|/2 _
(4.16)

COSM/2

(4.17)

COSV|/2
exp

COSV|/,
^pr f (4.18)
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In practice Ei is calculated via several fitted polynomial functions instead of

series expansion. For the infinitely thick samples then

COS \|/.
1 + V-G.)

cos(v|/,)_

COS \ |/,
n 1 + (4.20)

(All the parameters were defined in table 4.2). All these equations are used in

{be sortwmc program[4].

4.2.3 ^MTSSTON-TRANSMISSION METHOD

This method is applied mainly to specimens of intermediate thickness, to

calculate the absorption factor. The procedure consists of measurements of the

absorption of the X-rays through the specimen, the application of correction

fluorescent intensity and finally the calculation of the analyte concentration.

Leroux and Mahoud use a radiator R containing a substantial concentration of

the fluorescent element I, as shown in figure the measured intensities are: Is

from the specimen; 1R+S from the specimen with the radiator behind; IR from the

radiator alone, maintained in the same geometrical position as for IR+S. Letting

(4.21)

The transmittance T is defined as the transmitted fraction of an X-ray beam

throueh a material of thickness d. We then have:

(4.22)

40



The fluorescent intensity h of a specimen s of finite thickness d, and the

fluorescent intensity I«> from an infinitely thick specimen were given as:

(4.23)

k r, MPc/ (4.24)

and

(4.25)

wiiere Gj is the geometrical constant, pd is the mass density,jLi is the mass

attenuation coefficient and Q is the concentration of element i.

(4.26)

Then (he ratio between these intensities is defined as the transmittance T

and is given by

(4.27)

and combining eqn. (4.24) and (4.26) we get
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Table 4.1 notations of the characteristic lines of K spectrum.

Line

Kal

Ka2

Kp>1

Kp3

K|32

Transition empirical notation

KLIII

KLII

KMIII

KMIT

KMIIJII

Quantum notation

2p3/2 IS

2pi/2 Is

3p3/2 IS

3pi/2 Is

4pi/2 Is

4p3/2 IS
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Table d.2 shows the symbol used in the deriving algorithms for the

•ofK-e approach using fundamental parameters.

Symbol

w;

pd

Elr,

KEn)

NiL

G

r-(E,,.)

n,,n2
Qi.,(En)

Wi.x

Pfi-

Si.x

*m n

ti(E)

ainch..i(E)

oCoh.,i(E)

Mi(En)

AnXEn)

Hi,.(En)

Definition

weight fraction of element i

the mass in the sample per unit area (g.cm"2)

absorption edge energy of sub shell x of element i in keV.

characteristic radiation energy of line L of element i (keV)

primary X-ray intensity at energy En of the radiation source

net count rate of line L of element i

instrumental constant

relative efficiency for the characteristic radiation EJL

incident and emergent angles relative to the normal of the sample

incident and emergent solid angles of X-ray beams

production cross section of the characteristic line for the excitation by En

fluorescence yield of x-shell of element i

transition probability edge of the characteristic line L of element i

absorption edge jump ratio of shell x

the transition probability for radiation-less transition between the sub-shell m

and n of the L shell

photoelectric mass absorption cross section of element i at energy E

coherent scattering cross section of element i at energy E

incoherent scattering cross section of element i at energy E

mass attenuation cross section of element i at energy En

absorption factor for the line L of element i excited at energy En

enhancement factor for the line L of element i excited at energy En
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M (4.28)

(4.29)

and from these eqns. the fluorescent intensity Id is written as

(4.30)

4.3 EXPERIMENTAL CORRECTIONS

The samples selected for the measurements (as given in table 4.3)

contained the elements of interest such as Cr , Fe and Ni in different groups.

Each group contained different concentrations of chemical powder salts such as

chromium carbonates (CrCC^), iron sulfate (FeSC>4.7H2O) and nickel nitrates

(Ni(NO^2.6H2O). Also different alloys from the IAEA were analyzed, such as

brass, copper-tungsten, inconel and stainless steel.

A comparative study was carried out between the measurements of

concentrations, absorption and enhancement using quantitative analysis and

fundamental parameters method and the calculated absorption factor using the

emission-transmission method. For the samples and standards which were

similarly prepared, the analysis of Cr, Fe and Ni for different groups was

performed. Analysis for Cr, Fe, Ni, Cu, Zn and W for the alloys was similarly

performed.
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4.3.1 MEASUREMENTS USING QXRF

For the radioactive source excitation system, two sources were used, Fe

and Cd, in conjunction with Si(Li) detector spectrometer system. The Fe-55

radioactive source was used to excite characteristic X-rays of the light

elements, such as Al, Si, ...etc. and the Cd-109 radioactive source was used for

medium elements such as Cr, Fe, ...etc. and heavy elements such as W, Au,

...etc. A bias supply of (-1500 V) was used for the Ortec Si(Li) detector. The

amplifier settings were adjusted for optimum spectra for the elements of

interest in each group together with pile-up rejection. Table (4.4) shows the

settings used.

Samples in group (1), (2), (3) and (4) were homogeneously mixed in

definite proportions are shown in Table (5.1).Table (5.8) shows the certified

concentration values of the elements in different alloys in form of thick sheets.

The samples in each group were made into pellets.

All spectra were transferred to Olivetti PC computer for analysis by

AXIL-QXAS software. The AXIL software is able to separate overlapping

peaks, and in this way to identify the elements as well as to determine the net

area of the peaks by using a program called spectrum analysis. The software is

also able to determine the concentration by using quantitative analysis. More

detailed information about QXAS software is given in Appendix I.

The spectrometer system consists of Si (Li) detector coupled to Canberra

S-35 plus (MAC) via Canberra 2020 amplifier. Cd-109 radioactive source

(bavinLT pn average energy for Ka of 22.6 keV) was used for excitation of

nicdi""i rnd heavy elements such as Cr, Fe, Ni, Cu, Zn and W. Both standards

rmd smnplcs were measured under similar conditions and the spectra

trnnsfcTTcd to a PC for data analysis. Collimated X-rays emitted by the source

strike the sample at an average incident angle (41.0°). Characteristic X-rays
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are emitted at an average emergent angle (75.0°) and pass through the

collimator to the Si (Li) detector. ' ;•

Tn this work the target (radiator) consisted of a pure metal sheet of Mo of

finite thickness v&ro^&herfin to the emission-transmission method. The

following parameters were used: the target (radiator) intensity IMO( 775.5 cps),

the sample intensity Isamp. and the sample with target intensity IMO+samp. In

order for the distance of the target with and without the sample to be the same,

a plastic ring of radius (5 cm) was used below the target. To determine the

transmittance T, Leroux and Mahmud method was applied [1], First of all the

Mo target over the plastic ring was irradiated with Cd-109 for (200 sec), with

a well defined peak observed to measure Imo. Then each sample was irradiated

with the Mo target above the sample with plastic ring to measure IMo+ samp. Also

a measurement is carried out for the sample only. Finally from these intensities

the transmittance should be determined for each sample by using

emission-transmission method. Figure (4.3) shows the emission-transmission

method.

4.3.2 ENHANCEMENT CORRECTIONS

The relation between the enhancement and the concentrations was

(lcfcnninoc! using different mixtures of Cr, Fe and Ni salts with different

amounts in each sample. The quantitative analysis using fundamental

parameters method was used to measure the concentrations of each element

with and without enhancement corrections.
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Table 4.3 list of mixed chemical salts of different concentrations and

different alloys.

No.

1

2

3

4

5

Group 1

CFNA1

CFNA2

CFNA3

CFNA4

CFNA5

Group2

CFNB1

CFNB2

CFNB3

CFNB4

CFNB5

Group3

CFNC1

CFNC2

CFNC3

CFNC4

CFNC5

Group4

CFND1

CFND2

CFND3

CFND4

CFND5

Alloys

Inconel

Brass

Steel

W/Cu
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Tnblc 4.4 Settings of Canberra H.V. unit and amplifier 2020 for the Cd-

109 source.

Average

energy

(keV)

22.1

Bias supply

(V)

-1500

Fine gain

0.76

coarse gain

300

Shaping time

(M-s)

8
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CHAPTER 5

RESULTS AND DISCUSSION

5.1 RESULTS

The first task of this analysis was to determine Cr, Fe and Ni

concentrations in powdered salts obtained from Chemistry Department, and to

compare between the real concentrations and the experimental values and also to

determine tî e enhancement and absorption corrections by using quantitative

analysis using fundamental parameters method. Another method was used to

determine the absorption factor known as emission-transmission method, and

also to compare these results with the experimental values.

The measurements were carried out using radioactive excitation source

(IM-1O°V The iden was to be able to judge the various advantages and

disadvantages encounted during the study by the two methods. Of course each of

these methods could easily be used for quite satisfactory analysis of the given

samples. However, it was decided to compare the two methods. More

discussions and comparisons about the methods will be given later. The real

concentrations of each element, the measured concentrations without and with

enhancement corrections and the absorption and the enhancement calculations

were evaluated by using the AXIL-QXAS technique (see Appendix I). The

results are given in tables (5.1), (5.2), (5.3), (5.4) and (5.5), respectively. And

also the absorption calculated from the emission-transmission method is given in

table (5.6). Tables (5.7), (5.8), (5.9) shows the measured intensities of each

clement in each sample and the real and measured concentrations of different

elements in difFerent alloys, respectively. Twenty samples (20) were analyzed by

this method . Figures (5.1) and (5.2) show some of the spectra fitted the
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concentrations of Cr, Fe, Ni and some alloys, respectively, as measured by the

quantitative analysis using fundamental parameters. The main sources of the

errors for a measured concentrations were estimated as follows:

2 2 2 2

+a +a +a +... (5.1)
2 3 4 v '

4Jf
where CM is the statistical error given by —— x 100% where N is the number of

counts per second, 02 is the positioning of samples (about 0.5%), 03 is the

standards error (about 1.0%) and U4 is interelement effects (absorption and

enhancement) by matrix (about 5.0).
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Table (5.1) The real concentrations of Cr, Fe and Ni in each sample.

Sample

CFNA1

C ] ; N A :

CFNA3

CFNA4

CFNA5

CFNB1

CFNB2

, CFNB3

CFNB4

CFNB5

CFNC1

CFNC2

CFNC3

CFNC4

CFNC5

CFND1

CFND2

CFND3

CFND4

CFND5

Concentrations %

Cr

28.00

23.21

18.57

13.93

9.29

23.21

18.57

13.93

9.29

4.64

23.21

18.57

13.93

9.29

4.64

13.93

18.57

9.29

4.64

2.32

Fe

7.40

11.05

14.74

18.42

22.11

7.37

11.05

14.74

18.42

22.11

3.68

7.37

11.05

14.74

18.42

7.37

3.68

11.05

14.74

16.58

Ni

6.35

6.42

6.43

6.42

6.43

9.64

9.64

9.64

9.64

9.64

12.84

" 12.84

12.84

12.84

12.85

16.06

16.06

16.06

16.06

16.06
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(5.2s Concentrations of Cr, Fe and Ni measured by QXRF using

'vs/.-.v? r>r»rnmetcrs method without Enhancement corrections.

Sample

CFNAl

CFNA2

CFNA3

CFNA4

CFNA5

CFNBi

CFNB2

CFNB3

CFNB4

CFNB5

CFNC1

CFNC2

CFNC3

CFNC4

CFNC5

CFND1

CFND2

CFND3

CFND4

CFND5

Cr

31.79+0.41

28.51±0.45

23.66+0.41

19.25+0.39

19.25±0.38

30.79±0.47:

24.15+0.43;

19.79+0.40

13.61±0.33:

9.57+0.30

32.83+0.48

13.70±0.36

20.23±0.40:

14.74+0.36-

7.81±0.28'

23.67±0.44

28.76+0.47:

15.81+0.37'.

9.18±0.30

4.73+0.23'

Concentrations %

Fe

12.76±0.41

16.54+0.43

22.04+0.45

25.20±0.45

26.10±0.46

11.34±0.37

17.61±0.41

20.97+0.48

25.99+0.41

25.16±0.37<

5.45+0.29

16.90+0.33

18.05+0.38

21.69±0.39

25.75+0.38

11.79±0.34

6.89+0.29

17.79±0.36

21.57±0.35

22.29+0.32

Ni

9.78+0.26

12.10±0.29

12.68+0.27'

12.32±0.30

10.05+0.42'

16.01+0.31

16.65+0.32,

17.01+0.33

17.50±0.33

21.00±0.35:

20.30+0.34

33.55+0.39-

22.60+0.36

24.12±0.36

24.05+0.37

26.73+0.36.

27.65+0.36*

28.33+0.38'

28.34±0.381

31.96±0.38,
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Fable (5.3) Concentrations of Cr, Fe and Ni measured by QXRF using

Fundamental Parameters with Enhancement corrections.

Sample

CFNA1

CFNA2

CFNA3

CFNA4

CFNA5

CFNB1

CFNB2

CFNB3

CFNB4

CFNB5

CFNC1

CFNC2

CFNC3

CFNC4

CFNC5

CFND1

CFND2

CFND3

CFNO4

CFND5

Concentrations %

Cr

28.98±0.43

25.17±0.40

20.09+0.35

15.87+0.32

15.96±0.32

27.24+0.42

20.55+0.37

16.35+0.33

10.57+0.26

7.14+0.23

28.85±0.43

10.10±0.27

16.41+0.33

16.41+0.33

11.39±0.28

5.6±0.21

23.78+0.39

12.17+0.29

6.68+0.23

3.21+0.16

Fe

11.95+0.38

15.18±0.39

19.95±0.41

22.68±0.41

23.78±0.43

10.14±0.34

15.58+0,37

18.44+0.37

22.49±0.36

21.26±0.32

4.96±0.26

12.87±0.26

15.20±0.33

15.20+0.33

17.99±0.32

21.33+0.31

5.52±0.23

14.23±0.29

17.26±0.28

17.52+0.25

Ni

9.58+0.36

M.93±0.29

12.46+0.29

12.1t±0.29

9.91+0.28

15.69±0.34

16.2410.32

16.55+0.32

15.96+0.32

20.16+0.34

19.7710.33

31.1710.37

21.72+0.35

21.7210.35

23.0310.35

22.9210.35

26.4110.35

26.7510.36

26.6510.36

29.84+0.36
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Table (5.4) The Enhancement of Fe from Ni and of Cr from both Fe and Ni

in each sample by QXRF using Fundamental Parameters.

Sample

CFNA1

CFNA2

CFNA3

CFNA4

CFNA5

CFNB1

CFNB2

CFNB3

CFKB4

CFNB5

CFNC1

CFNC2

CFNC3

CFNC4

CFNC5

CFND1

CFND2

CFND?

CFND*

CFND5

Enhancement %

Cr

2.94

3.33

3.56

3.18

2.05

3.29

3.53

3.17

2.85

1.68

3.52

7.12

3.51

2.34

1.46

2.03

4.27

2.99

1.84

1.15

Fe

0.39

0.72

0.97

1.14

1.06

0.70

0.91

1.39

1.71

1.58

0.50

1.06

1.54

2.04

2.68

1.02

0.74

2.09

2.70

3.59
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Table (5.5) The Absorption of Cr, Fe and Ni in each sample by QXRF

using Fundamental Parameters.

Sample

CFNA1

CFNA2

CFNA3

CFNA4

CFNA5

CFNB1

CFNB2

CFNB3

CFNB4

CFNB5

CFNC1

CFNC2

CFNC3

CFNC4

CFNC5

CFND1

CFNO2

CFND3

CFND4

CFND5

Absorption %

Cr

2.81

2.76

2.50

2.70

2.50

2.70

2.59

2.55

2.39

2.35

2.55

2.46

2.36

2.29

2.19

2.40

2.47

2.26

2.24

2.09

Fe

0.95

1.13

1.22

1.48

1.37

1.08

1.25

1.41

1.67

1.97

0.98

1.88

1.36

1.60

2.04

1.26

1.14

1.55

1.98

2.35

Ni

1.09

1.13

1.04

1.12

1.00

1.22

1.18

1.17

1.12

1.22

1.27

1.62

1.22

1.23

1.21

" 1.36

1.42

1.34

1.36

1.41
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Table (5.6) The transmittance of Cr, Fe and Ni calculated by using emission

transmission method.

Sample

CFNA1

CFNA2

CFNA3

CFNA4

CFNA5

CFNB1

CFNB2

CFNB3

CFNB4

CFNB5

CFNC1

CFNC2

CFNC3

C?;NC !•

CFNC5

CFND1

CFND2

CFND3

CFND4

CFND5

Absorption %

Cr

5.37

5.26

4.26

4.52

4.19

4.99

4.76

4.62

4.46

4.26

4.74

4.74

4.40

4.26

4.04

4.53

4.74

4.27

4.18

3.97

Fe

2.84

3.16

3.00

3.58

3.33

2.93

3.30

3.64

4.12

4.62

2.62

4.68

3.49

3.99

3.69

3.32

3.09

3.91

4.65

5.1

Ni

3.4

3.5

2.98

3.23

2.92

3.58

3.53

3.52

3.67

3.64

4.69

3.60

3.66

3.53

3.51

3.91

3.04

3.92

4.00

4.03
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"able (5.7) Measured intensities of Cr, Fe and Ni in each sample.

Sample

:FNAI

:FNA2

:FNA3

:FNA4

:FNA5

JFNB1

:FNB2

JFNB3

:FNB4

JFNB5.

JFNC1

JFNC2

JFNC3

JFNC4

JFNC5

CFND1

CFND2

CFND3

CFND4

CFND5

Intensity in counts per second

Cr

21.85

18.96

15.345

12.39

12.38

20.09

15.465

12.325

8.15

5.775

21.235

7.91

12.355

8.75

4.53

14.465

17.775

9.33

5.355

2.66

Fe

5.375

7.69

11.475

14.675

15.46

5.035

9.175

12.33

18.425

21.015

2.27

12.685

10.62

15.195

23.38

6.395

3.19

12.19

18.565

23.26

• N i

6.725

8.535

8.9

8.415

6.755

12.21

12.57

12.62

12.93

16.57

17.08

32.9

18.6

20.125

19.82

23.965

25.61

25.885

25.535

30.73
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Table (5.8) The real concentrations of different elements in different alloys.

Sample

Inconnel

Brass

Steel

W/Cu

Element

Cr

Fe

Ni

Cu

Zn

Cr

Fe

Ni

Cu

W

Concentration %

16

8

72

63

37

18

72

10

40

60
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Table (5.9) The measured concentrations of different elements in different

alloys using Fundamental Parameters method.

Sample

Inconnel

Brnss

Steel

W/Cu

Element

Cr

Fe

Ni

Cu

Zw

Cr

Fe

Ni

Cu

W

Concent. %

14.73+0.23

7.99+0.18

60.93+0.44

42.73±0.13

19.2710.13

18.12+0.31

60.94+0.58

7.71+0.26

29.89±0.28

35.86±0.40

Enhanc. %

11.01

0.51

0.0

16.38

0.0

8.04

1.8

0.0

8.15

0.0

Absorpt. %

1.17

0.96

1.11

0.52

0.61

0.29

0.21

0.10

0.25

0.28
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5.2 DISCUSSION

1- Radio-isotopic excitation sources are simple, cheap and

qupsi-rnonochromatic. They are very suitable sources when combined with solid

stn'c dc(-ccf-o'-s for XRF analysis. The X-rays emitted from radio-isotopic sources

cover P wide range of energy (10-60 keV ). In this work, Cd-109 source was

used wilh pverage energy equal to (22.6 keV). A proper design of excitation and

detection geometry can improve greatly the sensitivity and accuracy of the XRF

analysis. There is far less radiation hazard during sample handling as compared

to the tube excitation systems. However, the radioactive sources suffer from

intensity decay and storage problems. In these measurements a new source with

a high intensity output was used. Irradiation time was usually about (200 sec.)

per sample for the elements Cr, Fe and Ni.

2- The main objective of this study was to study and to correct for the absorption

and enhancement of Cr, Fe and Ni in different samples of different

concentrations. Two well established methods that deal with these effects have

been compared: one is based on the AXIL-QXAS software and the other is

based on the emission-transmission method. The results obtained by these two

methods were not similar. This is considered to be due to the fact that in the

quantitative analysis using fundamental parameters, the matrix composition is

calculated by means of the analysis of the scattered peaks (coherent and

incoherent), r ^ ^ ' / t h e absorption using scattered intensities does not follow the
r\eeda>

additive law. For this reason the fundamental parameters methodfsome

modification such as to input the emission-transmission method in the program

so as to do more perfect calculations.

3- The analysis of Cr, Fe and Ni in different samples have a great demand

locally. Therefore, there is a need to develop a fast and reliable method for this

analysis. If the correction terms using the emission-transmission method could
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be included in the fundamental parameters method software that will improve

this type of analysis.

4-7 he innin sources of the errors in these measurements include homogeneity of

the sample (about 1%), sample positioning during measurements (about 0.5%),

absorption within the sample (about 0.5%), enhancement (about 3%) and finally

statistical error (in the range of 1- 10%). All these errors are quadratically added

and the final error is the square root of the sums (about 5-10%).

5- The XRF technique was used successfully for the determination of the

elements: Cr, Fe, Ni, Cu> Zn and W for different alloys such as inconel, brass,

stainless steel and copper/tungsten obtained from good fellows. The results

agreed well with given values. These alloys were used to evaluate the quality of

the analysis.
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CHAPTER 6

CONCLUSIONS

XRF has long been recognized as one of the most versatile, cost effective

and accurate techniques in the analysis of a wide range of elements, extending

from Al ( z = 13) up to U (z = 92). The technique is able to determine major,

minor and trace element concentrations in various samples, including geological,

biological and environmental samples. It becomes possible to perform such

analysis in a fast manner with better precision and accuracy.

Tn this work the XRF technique has been applied for elemental analysis of

alloys and some chemical salts mixtures containing Cr, Fe and Ni. These

samples were prepared in the laboratory by mixing these salts in different

amounts. Also alloys from the International Atomic Energy Agency (IAEA)

were analyzed. From the results which are obtained one could make the

following conclusions:

1- The XRF technique was successfully used for determination of the

concentrations of elements in different alloys. The results were in good

agreement with those given by the suppliers, Good fellow metals. These alloys

were used to check the performance of the system.

2- In the analysis of Cr, Fe and Ni samples which were prepared from mixture

of different salts, two XRF methods were used to determine the absorption

factor: the first one is based on the AXIL-QXAS software and the other one on

the emission-transmission method. These measurements required some initial

preparations, such as sensitivity (or calibration) of the system which was done

by the analysis of pure elements of metal foils to measure the average
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instrumental constant. In the first method all that is needed for the analysis is to

prepare a pellet, perform the measurements and finally apply AXIL program.

The other method usually takes a slightly longer time for the same sample since

it involves measurements of the same sample only, the sample with radiator

(thick metal sheet of Mo) and the radiator only. The geometry system was kept

constant by using a plastic ring of a diameter greater than that of the pellet and of

the same thickness as the pellet. We note that in the fundamental parameter

method both absorption and enhancement corrections are allowed for, while in

the emission-transmission method only absorption is catered for in a more

accurate manner. It would be a great improvement in the analysis if the

emission-transmission method is incorporated in the fundamental parameter

method.

3- In the fundamental parameter method the matrix composition is found using

the scattered peaks. The absorption correction obtained from the fundamental

parameter method was found to be less than that found by the emission-

transmission method. This is attributed to the fact that in the latter method the

absorption terms follow the additive law, which is not observed in the former

method.

4- The enhancement correction is included in the fundamental parameter method

and QXAS software. Failure to correct for enhancement could lead to serious

errors in the analysis, specially in the case of significant presence of enhancing

elements in the sample. In this work it was clearly demonstrated that the

enhancement is proportional to the correction of the enhancing elements, with

energies greater than the absorption edges of the elements of interest.
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APPENDIX I

INSTRUCTIONS FOR
OPERATION AND USE OF THE

QUANTITATIVE X-RAY ANALYSIS SOFTWARE

1.1 INTRODUCTION

AXIL is a software package for energy dispersive X-ray analysis

developed at the University of Antwerp. The AXIL is the short name for

analysis of X-ray spectra by iterative least square fitting. This version is

modified into a version which is coded in fortran and C language for use

with personal computers and known as AXIL quantitative X-ray analysis

system (AXIL-QXAS ).

The AXIL-QXAS software was developed to permit direct

communication between the AXIL spectra evaluation program and the

fortran or C program for quantitative X-ray fluorescence analysis. Any

operation performed by the software can also be built into the hardware

and any instructions executed by the hardware can also be simulated in the

software. The fortran programs in AXIL-QXAS software are compiled in

Ms-Fortran V4.00A and the C-programs are compiled using Ms-C V5.00.

1.2 GENERAL CONCEPTS OF AXIL-QXAS

A program package can be constructed from various smaller

programs, each with a dedicated function. Most of the data files are block

structured. Each file is divided into blocks that are identified with " $ " as

the first character and " : " as the last character. Each program in the
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package searches, reads, modifies and writes only the blocks known to

that program, leaving all other blocks unchanged. The most important

block structure is the set up file " setup.ax ", in which all informations on

the current status of the package.

Tine set up file contains the "menu tree" of all the installed programs

in the package, the general information of these programs, and the file

names used by the package. Most of other file enter or alter data for the

program currently running. A form consists of the figure, the text lines

A-D fields. There is a window called scroll box on the screen that contain

some texts. It is used for such purposes as displaying the fitting results and

on-line help. A selector box, such as shown in figure (1.2) can be used to

select one or a few files out of many. And finally the "Enter " key is used

to execute a command file and "Esc" key is used to discard the entire

command line before passing the "Enter" key. The commands available in

the spectrum analysis program are listed in figure (1.3).

In the spectrum fitting, it is very important to choose a proper

mathematical model. The mathematical model of an X-ray spectrum

consists of two parts, the background and the characteristic lines. These

lines or peaks can be closely approximated by Gaussian or quasi-Gaussian

(lisfnHifien function rather than pulse height delta-function because of the

peak broadening due to both noise and charge formation statistics. The

Gaussian distribution function is presented as

l2Uap

exP-
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Axil X-ray Analysis Package

t

i

i

i

i

i

1 System hardware setup
* Execute DOS coamand
* Spectrum analysis
• Conversion of spectral data to AXIL foriat
' Quant, analysis using fundamental paraaeters
* Simple quantitative analysis
• Utilities

Arrows; move selector box; <CR>: select item; <ESC> exit

FirtT«\L.i Main menu of AXIL-QXAS.
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-Information on Sample C:\AXIIASPECT\800.ASR-
Saaple 10: SOIL-5 (1) TH35COL
Live tine (sec): 1000.000
Date (M«-dd-yr) : 12-31-1990
Saaple type: Intermediate thick sample
Saaple aaaa (ag/cn'2): 0.000000
Supporting naterial: No support
Backing material: No backing
Convergent value for calculation: 0.1X

Tube current (aA): 0.20000

Cone units: Weight percent

Thickneaa (ng/ca'2): 0.000000
Thickness (ag/cn'2): 0.000000

Arrov»>=move <Enter>=Save_Chan«e replace on <In«>

Figure juljj" An example of forms in AXIL-QXAS.



I : •
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where E; is the energy (eV) of the channel I, Ep is the energy in (eV) of

the profile center, Ap is the area of profile and a p is the width (eV) of the

profile center. Defining ZERO as the energy in channel 0 and GAIN as

(eV) per channel, Ei is calculated by

Et = ZERO + GAINxi (1.2)

(7r cpii be expressed as a function of the energy Ep

FANO is the fano factor (0.1-0.125 for Si) and E is the average energy

(eV) required to produce electron-hole pair (3.85 for Si). All these

parameters are obtained experimentally by performing an accurate energy

and resolution calibration of the spectrometer and are optimized for each

spectrum in the least square fit.

The background shape of the EDXRF spectrum is determined by

several factors: e.g. the primary excitation spectrum, the absorption and

scattering of the primary X-rays by the measured sample, the interactions

in Si (Li) detector and the possible diffraction effects. Various background

fitting models can be employed depending on the peak shape and the

length of the region of interest. For a small region a linear polynomial is

sufficient for fitting.

(1.4)
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An exponential polynomial deals with a large region of the spectrum:

= a0 +exp.
L/=o

(1.5)

Finnic p very useful approach is the smooth filter and its main function is

<o pn'1 down iteratively the heights of the channels which contam the peak

counts to such a level so that a reasonable background was formed.

For the scattered peaks, a Gaussian function is used to describe the

coherent peak. The energy of the incoherent peak can be calculated from

the geometry of the system as follows:

' (1-6)

m0c
2

where mnc
2 has a value of (511 keV) and <j) is the scattering angle. The

coherent peak is much broader than the incoherent one. Summing up all

these contributions a complete fitting model is obtained.

1.3 QUANTITATIVE ANALYSIS USING FUNDAMENTAL

PARAMETERS

The quantitative analysis procedure consists of four programs, e.g.,

quantitative analysis, simple quantitative analysis, QAES-radioisotope

version (P. Kump 1995) and quantitative analysis using fundamental

parameters. The last program performs the actual calculations of either the

average instrumental constant or the concentrations of the unknown

elements. The quantitative procedure require information's about the
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characteristics and the operation conditions of the excitation and detection

system. Figure (1.1) shows the flow chart of the program ECON by means

of which (he input is accomplished.

The first option is to create a new instrument parameter file (*.FPC)

by giving a file name or to modify an existing one. Figure (1.4) shows the

menus for specifying instrument parameters. The spectrum fitting program

produce for each spectrum a file with extension (ASR). This file contains

the results of the spectrum evaluation. After executing the ECON program,

an (*.FPC) file that contains informations of excitation and detection

parameters is created. This file name is provided as a de-fault value, but an

alternative can be selected from a list of existing (*.FPC) files. These steps

are done in a program called FUNA. For analyzing unknown elements, a

choice is made by selecting either average instrumental or average and/or

individual constants by selecting (*.IFC) file.

Some informations about samples are given, such as: a thin sample

if it is thin enough so that any inter-element effects are negligible,

infinitely thick samples if more than (90%) of the primary radiation

intensity is attenuated in the sample and as an intermediate thick sample if

the thickness is in between the two extreme cases above. For intermediate

and thick samples, absorption and enhancement effects are very important

factors and they should be corrected. Most of geological and biological

samples which contain large amounts of elements like oxygen, nitrogen

and carbon are typical low-z matrix samples. The composition of the dark

matrix can be calculated using scattered peak intensities or should be

• estimated by the user. After the instrumental parameter file is selected,

the data file containing the spectrum fit results prepared. A choice of the

type of calculation is then made. Many samples can be selected and

calculated sequentially if they share the same instrument parameter file.
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Figure (1.5) describe the options in quantitative calculation methods.

Figure (1.6) shows an example of the analysis report by using

AXIL-QXAS.
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01-03-1991 12:37:50

Staple identity: M S T SRH 1200 STEEL STANDARD
Spectrua fitting data: A:\109.ASR
Instruaent paraaeter data: C:\FEI\FWD\TH35COl..FPC

Instruaantal Identity: X-Ray Tube
Th* tub* anode: Rh
Tube voltage: 35, KV Tube current: .020 aA
Measuring tiae: 500. Sec. Colllaator: Nuaber two
Filter used: RhodLua Ataosphere: Vacuua

Report of Calculated Instrumental Constants

Saaple thickness: Infinitely thick

E l * . Cone. Instr. constant Absorption Enhanceaent

Ti 300.00 ppa 3.7714E-05 2.3O38E-O3 1.8276

Arrows, <PgUp>, <PgDn>, <Hoae>, <F.nd> = aove; <ESO«exit; <F10>=Prlnt

Tube voltage:
Measuring tiae
Filter

Ssaple

Ele.

Tl
•Cr
Mn
Fe
Co
Ni
Nb
Mo
Ta
H

uaec

35. KV
: 500.

: Rhodiua

Report of

Sec.
Tube current: .020 aA
Collla.tor:
Ataosphere:

Nuaber two
Vacuua

Calculated Instrumental Constants

thickness: infinitely thick

Cone

300
19
1
3

42
20
3
4
1
3

00
90
34
19
00
00
18
.00
.08
.86

ppa
X
X
X
X
X
X
X
X
X

Instr

3.
1.
1.
1.
1.
1.
I.
I.
1.
1.

. constant

7714E-O5
0403E-05
2745B-O5
0971E-05
0259E-05
0402E-05
1765E-0S
198SE-OS
0632E-05
0203E-05

Absorption Enhanceaent

2
3
4
3
3
3
9
1
2
2

3O38E-03
4751E-03
1886E-03
1256E-O3
6126E-03
9918E-03
.4438E-03
.0368E-02
.6167E-03
.2824B-03

1
1
1
1
1
1
1
1
1
1

.8276

.6143

.5827

.2182

.0804

.0667

.0060

.0000

.0481

.0468

Arrows, <PgUp>. <P*Dn>, <Hoae>, <End> « aove; <ESO«exlt; <F10>»Print

Figure J*$ An example of scroll boxes in AXIL-QXAS: (a) results displayed with a
scroll box, (b) the remained results displayed in the box after scrolling.
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Current Instrument Paraaeter File: C:\FEI\FUND\TH3 5COL.FPC

* Select instrument parameter file
* Selecte samples for quantitative analysis

Search in

100
101
102
103

.ASR

.ASR

.ASR

.ASR
105.ASR
109
104
108

.ASR

.ASR

.ASR

Select unknown or standard files

directory: A:\

k
-;;:<*

,

a*

<Arrow8>=Move <Enter>=Select <Del>=UnSelect <Esc>=Done

Figure tfi- An example of selector boxes in AXIL-QXAS.



Sp«*ctru« 899.SPE
SOIL-5 (1) 1H35C0L

Iteration 8: ChiSquare 1.3; Dif ~

2M 488 890 ieao 12m
Channtl Nutt!>ei>

ftxil

LOAD
STOP
DISPLAY
SOI
CflLIB
X-LINES
KLfHifiFK
FIT
REPORT
SAUEJIES
PLOT
eBATCH
BAOCGRND
SCftTJWI

CO
CANCEL

Spectrum fit in AXIL-QXAS, with option of fitting scattering peaks using
multi-Gaussian functions.
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APPENDIX II

Table (T.I) shows the excitation source Cd-109 (E = 22.6 keV) and

X-rays of some elements. [5]

z

13

14

15

16

17

18

l ' i

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

SY

Al

Si

P

S

Cl

Ar

K

Oi

Sc

Ti

V

Cr

Mn

Fe

Co

Ni

Cu

Zn

Ga

Ge

As

SE

13 r

EKa(KeV)

1.487

1.739

2.014

2.307

2.622

2.957

3.312

3.690

4.088

4.509

4.949

5.411

5.895

6.400

6.930

7.472

8.041

8.631

9.243

9.876 {

10.532

11.210

11.907

Photo

a(cm2/g)

2.081

2.742

3.347

4,246

4.961

5.579

7.112

8.56

9.23

10.572

11.882

13.775

15.225

17.457

19.123

22.037

23.245

25.681

27.257

29.455

31.658

33.598

36.823

0.916

0.911

0.907

0.903

0.900

0.896

0.892

0.890

0.887

0.884

0.883

0.880

0.878

0.876

0.874

0.873

0.871

0.870

0.868

0.867

0.866

0.864

0.862

©Ka

0.0357

0.0470

0.0604

0.0761

0.0943

0.115

0.138

0.163

0.190

0.219

0.250

0.282

0.314

0.347

0.361

0.414

0.445

0.478

0.510

0.540

0.567

0.596

0.622

fka

1.0

1.0

0.980

0.955

0.938

0.924

0.911

0.904

0.899

0.898

0.897

0.895

0.894

0.893

0.8925

0.892

0.891

0.890

0.888

0.884

0.880

0.875

0.870

Ki(cm2/g)

0.068

0.117

0.180

0.279

0.349

0.531

0.798

1.123

1.412

1.838

2.353

3.060

3.752

4.739

5.683

7.104

8.028

9.505

10.715

12.190

13.809

15.139

17.177



36

37

38

"39""

40

41

42

43

Kr

Rb

Sr

Y

Zr

Nb

Mo

Tc

12.630

13.375

14.042

14.933

15.746

16.584

17.442

18.327

38.912

42.036

45.160

48.615

51.747

55.168

58.350

61.358

0.861

0.859

0.857

0.855

0.854

0.852

0.852

0.85

0.646

0.669

0.691

0.711

0.730

0.748

0.764

0.779

0.866

0.863

0.859

0.855

0.852

0.849

0.847

0.844

18.743

20.487

22.972

25.268

27.486

29.847

32.170

34.299
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