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CONCEPT OF THE INFLUENCE COEFFICIENT

DR. RICHARD M. ROUSSEAU

This paper presents the basic concept of influence coefficients, which are used in XRF
analysisto correct for matrix effects. Nowadays, influence coefficients can be classified into two
categories depending on their method of calculation: empirical or theoretical. Furthermore, each
category can be calculated from binary or multi-element standards. It will be shown how to
calculate the four different types of influence coefficients in association with their respective
agorithm. This paper will also show the true theoretical and fundamental nature of influence
coefficients, supply an accurate and unique mathematical definition of these coefficients and

promote their use to correct for matrix effects.

1. Introduction

When | started my career as XRF anaydt, | was
confronted with the problem of selecting the most
appropriate method for cal cul ating the composition of
the samples to be analyzed. In order to use the most
appropriate method in a given analytical context, |
made an exhaustive study of the most popular meth-
ods [1] published between 1950 and 1980. From that
study, | learnt which methods were appropriate, what
specific conditions they must be applied, which
features[2] would contribute to improve the quality of
results and how to apply al this knowledge in
practice. | have attempted to regroup all these effec-
tive features in new methods in order to improve
analytical results. This paper summarizes the main
conclusions of this study by presenting the three
resulting optimized methods that cover the complete
analytical range.

In quantitative X-ray fluorescence (XRF)
analysis, one of the magjor problems is the correction
for matrix effects (absorption and enhancement).
Since the early fifties, many solutions have been pro-
posed to solve this problem, but two methods in
particular have stood out. The first one is the use of
influence coefficients which are numerical coeffic-
ientsthat correct for the effect of each matrix element
on the element to be determined (or analyte) inagiven
specimen. For many years, these coefficients were
determined experimentaly by regresson analysis
using reference materias, and for this reason are
typicaly referred to as empiricd influence coef-
ficients. They were considered as an empirical ap-

proach having little connection with X-ray fluores-
cencetheory. They were considered useful only when
no other dternative was available to solve the
problem of the correction for matrix effects.

The second important method to correct for
matrix effects was proposed, in 1968, by Criss and
Birks [3]. They proposed the Fundamenta-Para-
meters (FP) method, a fully theoretical approach,
based on the Sherman equation [4]. This equation
allows one to caculate theoretica net X-ray inten-
Sties emitted by each element from a specimen of
known composition when it is irradiated by a poly-
chromatic X-ray beam. At that time, the FP method
was considered as the state-of-the-art method to
correct for matrix effects. However, the FP method
was not without afew weaknesses of itsown, namely:
how to calculate a better first estimate of the sample
composition, how to eliminate the constraint of
normalizing the concentrations to 100%, use of an
unclear calibration procedure, how to match theory
with each spectrometer, how to reduce the calculation
time of each sample composition, etc.

In order to €iminate the respective disadvantages
of the above two methods, Rousseau [5-7] proposed a
new approach in 1982 that combines the practical
flexibility of the influence coefficient concept and the
theoretical exactness of the Fundamental-Parameters
method. This new approach alows one to calculate
theoretical influence coefficients within a new
algorithm called the Fundamental Algorithm These
coefficients are caled multidlement influence
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coefficients because they depend on the full
composition of the matrix.

The Fundamental Algorithm, like the FP method,
is also based on the Sherman equation making it a
fully theoretical approach. The difference is that it
manages to reconcile the concept of the influence
coefficient with theory and eliminates al the
weaknesses of the FP method mentioned above.

The goal of this paper is to show the true
theoretical and fundamental nature of influence coef-
ficients, to supply an accurate and unique mathe-
matical definition of these coefficients and to promote
their use for the correction of matrix effects. Now-
adays, there is no reason to continue using empirical
coefficients, which can be strong potential sources of
errors and can thereby lead to inaccurate results.

2. Nature of Interelement (or Matrix) Effects

Quantitative XRF analysis is based on the
principle that a correlation exists between the
fluorescent X-ray intensities emitted by elementsin a
specimen irradiated by a sufficiently energetic X-ray
beam and their concentrations. Generaly, the rela
tionship between intensities and concentrations for a
specific anayte is not linear because of the various
elements or matrix surrounding each atom of the
analyte. The effects of the elements of the matrix on
the anayteintensity are called interelement effects or
matrix effects. The magnitude of these matrix effects
depends on the original matrix composition of the
sample and the technique employed to prepare the
specimen. Severa sample preparation techniques
exist to reduce matrix effects. A powder sample can
for instance be diluted with a binding material to
prepare apressed powder pellet, or fused with aflux to
prepare a fused disc.

When a specimen is bombarded by X-rays, the
matrix absorbstheincident X-ray beam and the X-ray
fluorescence radiation is emitted by the elements of
the specimen. This phenomenon is called absorption
effect. The general rule about absorption effectsis the
following: when the wavelength of an anaytelineA is
just lessthan that of the absorption edge of aparticular
matrix element B, the A lineis highly absorbed by the
element B, and the A line intensity is reduced in a
proportion equivalent to the B concentration.

Moreover, the correlation between intensity and
concentration is further complicated when the X-ray
fluorescence radiation from matrix elements has an
energy high enough to excite the analytes present in
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the specimen. This effect, called the enhancement
effect, is due to the energy of characteristic X-ray
lines of matrix e ements sufficiently high to excite the
characterigtic X-ray lines of analytes having a lower
energy. The general rule about enhancement effectsis
the following: when the wavelength of the analyte
absorption edge (A) isjust greater than that of theline
of a particular matrix element B, the B line is
absorbed by A, and the A line intensity is enhanced
(or increased) in a proportion equivalent to the B
concentration. This increase of intensities of the X-
ray lines of anaytes due to the matrix el ements may
be highly significant.

In conclusion, it can be said that, closer an analyte
line A is relative to the absorption edge of a matrix
element B, greater isthe absorption of the analyteline
A by theelement B, and greater isthe enhancement of
the matrix element line B by analyte A. It is the
combination of both these effects, absorption and
enhancement, that is called matrix effects. The most
significant matrix effectsoccur for theK a lines of the
mid-range elements of the periodic table and when
the atomic number difference of the two considered
elementsis2.

3. What are Influence Coefficients?

In 1955, Sherman [4] propheticaly proposed a
mathematical expression to caculate net X-ray
intensities emitted by each element in a specimen of
known composition when it is irradiated by a
polychromatic X-ray beam. However at that time, this
equation did not become widely used because XRF
analysts do not need to calculate intensities, which
can be measured, but do want to calculate the
composition of unknown samples. Furthermore, in
order to cal culate these intensities, the composition of
the sample to be analyzed must be known when in
practiceit is of course unknown prior to the analysis.
In the end, Sherman himself concluded that the
proposed theor etical equation wastoo complex to be
used in practice. He stated in a previous paper [8]:

"Thetheoretical correlation of theintensity of the
fluorescent spectra, excited by a polychromatic
beam, from a multicomponent mixture and the
concentration of an element in the mixture
involvesintegral harmonic means and the use of
hyperbolic curves in multidimensional spaces.
The computational labor involved makes the
relations too complicated for general use.”



The complexity of theory has caused many
difficulties for XRF analysts and is the reason why
approximate methods proliferated between the years
1950 and 1980. Many models have been proposed
(mostly the same algorithm expressed in different
formalism or symbolism), among which similar mo-
dels have been devel oped with identical symbols that
refer to quite different entities, and vice versa. The
result of such an explosion of algorithmsisthat it has
contributed to create a great confusion regarding in-
fluence coefficients and to discredit their use.

Thus, because of the complexity of theory,
analysts have sought to condense the total matrix
effect of every matrix element j on the analyte i by a
single entity, the influence coefficient. This coef-
ficient isthen anumber that quantifiesthe total matrix
effect of an elementj ontheanalyte i in agiven speci-
men. This correction increases with the concentration
C; of the element j in the sample. An influence
coefficient is then always multiplied by a concen-
tration term in models of the type:

(.tX ijCj+Xika+...) Q)

where the symbols ¥ and X are influence coef-

ficients (x is used temporarily to designate any type of

influence coefficients), and where, by convention, the
subscripts"ij” identify the coefficient asrelating to the
effect of the matrix elementj on analytei.

In their paper of 1966, Lachance and Traill [9]
were the first to emphasize the concept of the
influence coefficient for the correction of matrix
effects. They were also thefirst to propose an equation
to calculate theoretical influence coefficients. They
caled them "alpha’ coefficients. These apha coef-
ficients have very specific properties. they are
calculated from theory (see Eqgn 10 in Ref. 2) for a
specific analytical context, using binary standards,
assuming that the incident tube spectrum is mono-
chromatic and they are calculated only to correct for
absorption effects. The enhancement effects are
ignored.

Nowadays, there are many different types of
influence coefficients. Unfortunately, many XRF
scientists or analysts continue to call al of them with
the same designation: "alpha’ coefficients. It makes
little sense to do it because they all have different
properties and it becomes impossible to distinguish
between them. Furthermore the original apha coef-
ficients proposed by Lachanceand Traill are no longer
used in practice. To overcomethis problem, Rousseau
proposed in 1994 a new terminology and symbolism
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Table 1. Classification, terminology and notation used by the
modern concept of the influence coefficient.

Method of Standards

Calculation Binary Multi-Element
Empirical b; &
Theoretical aj aij &

[10] to identify each type of modern influence
coefficients. Here the details.

Nowadays, influence coefficients can be
clas-sified into two categories depending on their
method of calculation: empirical or theoretical. Fur-
thermore, each category can be calculated from
binary or multi-element standards as illustrated in
Table 1. To represent each type of influence coef-
ficients, thefollowing symbolism has been proposed:

bj designates empirica influence coefficients
calculated from experimental data using binary
standards (the letter "b" isfor binary);

e; designates empirical influence coefficients
calculated from experimental data using multi-
element standards (theletter "€" isfor empirica);

- a; designates theoretical influence coefficients
calculated from fundamental theory using binary
standards (theletter "a" isathrow-back to "apha’
coefficients);

- a;j and @; designate theoretical influence coef-
ficients (a: for absorption, e;: for enhancement)
calculated from fundamental theory using multi-
element standards.

The selected notation is based on the following
convention: a Roman letter is used to represent
constant coefficients valid for a given concentration
range rather than for a given sample. Greek symbols
are used to represent variable coefficients that
depend on the whole matrix composition of each
sample. Thus, their names indicate the method of
calculation and their representative symbols indicate
whether they remain constant or vary with each
sample composition. Thus, with asmple name and a
symbol one can easily identify the type of influence
coefficients used and its properties.

Wewill study thefour different typesof influence
coefficients that are used in XRF analysis to correct
for matrix effects [11]:
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1) The empirica coefficients calculated from re-
gression analysis and valid for the set of reference
materials on hand only. They can be caculated
from binary or

2) Multi-element reference materials;

3) The theoretical binary coefficientsthat are essen-
tially constant for a given concentration range;

4) Thetheoretical multielement coefficients cal culated
from one given specimen com-position and valid
for this specimen only.

Each of these coefficient types will be presented
in association with an algorithm to explain how to use
them in practice. We assume for al the methods
presented hereafter that specimens are homogeneous
have a flat and polished surface and an infinite
thickness with respect to the depth of penetration of
theincident radiation. First, aprocedurefor evaluating
each proposed andytical method will be defined.

4. Pseudo-Experimental Verification

To experimentally verify the accuracy of the
different types of influence coefficients and their
associated agorithms, a large number of reference
materials must be available. However, this accuracy
depends on many experimental factors such as the
reliability of the calibration reference materials, sur-
face effects, spectrometer stability, background sub-
traction, interference, etc. For al these reasons, the
accuracy of results obtained from experimental mea-
surements is insufficient for the intended refined
verification of the accuracy of influence coefficients.
Consequently, in the present paper, al the required
relative intensities, R, are calculated (by the Sherman
equation) rather than measured. It must be pointed out
that such a pseudo-experimental verification does not
detract from the general validity of the solution to the
matrix effect problem, provided that the calculated
relative intensities R, represent redlity, as shown by
Rousseau [12]. Furthermore, this approach shows
only the contribution of the algorithm to the improve-
ment of the accuracy of results, without taking into
account the errors introduced by the experimental
measurements. However a valid comparison of algo-
rithms and of their influence coefficients requires that
the R; values be the same for all of them. Then, from
the same data it becomes easy to determine which
agorithm yields the more accurate cal culated concen-
trations. There is no doubt that the best one of these
algorithmsthus determined will aso bethebest onein
practica situations.
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The pseudo-experimental verification of al types
of influence coefficients was made from three groups
of 36 hypothetical standards [13] given in Table 2.
The standard compositions of these three groups are
the same except that each group of analyzed standards
are composed of elements, oxides and oxides diluted
in aflux (fused discs), respectively. The relative in-
tengities of the 36 standards for each group have been
calculated using the M odified Sherman Equation (16)
in Ref. (2). The choice of compositions of these
standards is not necessarily redistic, but they have
been selected because their calculation requires
strong matrix effect corrections.

Knowing the relative intensities for each of the
three groups: elements, oxides and fused discs, the
standard compositions have been recalculated by
using different types of influence coefficients in
different agorithms. For each of the groups, the cri-
terion used to comparethe accuracy of each algorithm
was the mean relative eror of the 36 totas of
analyzes. The compilation of resultsisgivenin Table
3. Thus, these three groups of reference materials
cover the full range of concentrations. wide (ele-
ments), medium (oxides) and limited (dilution in
fused discs). In conclusion a recommendation of a
specific algorithm for each range is given.

5. Empirical Binary Influence Coefficients

As dready shown in a previous paper [2], multi-
element influence coefficients can be calculated from
theory. However, these coefficients depend on the
full sample composition to be analyzed (see Egns 28
and 29), which in practice is unknown prior to
analysis and they must be caculated for each sample.
A set of theoretical influence coefficients calculated
from a sample composition is "unique" because each
sample composition is "unique”. Any other samples
containing the same elements but in different propor-
tions will generate a different set of influence
coefficients. The problem is that sample compo-
sitions are unknown prior to the analysis.

This last property of influence coefficients has
caused many problemsto the XRF analysts and isthe
reason why empirica and approximate methods have
proliferated between the years 1950 and 1980. By em-
piricadl method we mean a method based only on
observation and experimentation. Another concept
that appeared a the same time as the empirica
influence coefficients was the concept of binary coef-
ficients. They are based on the hypothesis that the
total matrix effect on the andytei isequal to the sum
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Table 3. Mean relative error (%) obtained by recalculating the
composition of the 36 hypothetical standards of each group for
every given algorithm.

ALGORITHM ELEMENTS OXIDES FUSED DISCS
Lachance-Traill 0.92 0.19 0.02
Claisse-Quintin 029 0.04
COLA 0.28 0.06
Fundamental 0.05

of the effects of each element j of the matrix, each of
these effects being calculated independently of each
other. In other words, from apractical point of view, it
iseasier to consider a sample as a sum of binary mix-
tures rather than as a multi-element mixture. Of
course, thisapproach is an approximation because one
cannot isolate the matrix effect of each element j on
the anayte i from the effect of the rest of the matrix.
The physical properties of each elementj are affected
by the rest of the matrix and if the same element j is
present with the same concentration G in different
matrix, it will affect the analyte i differently. But this
approach alows one to correct for matrix effects with
accuracy aslong asthe composition range of samples
to analyze isfairly limited. With this approach it was
then possible to caculate a set of binary influence
coef-ficients valid for a given composition range
rather than for a given sample. In other words, with
binary coefficientsit isassumed that the coefficient b
isaconstant for agiven range of C; and C; rather than
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being a variable dependent on the whole matrix
composition of each sample.

The binary influence coefficients can be calcu-
lated empirically from experimenta data (intensities
and concentrations) obtained from binary reference
materias. In this case, they are caled empirical
binary influence coefficients and represented by the
symbol b (theletter "b" isfor binary). They are often
used in agorithms similar to the one proposed by
Lachance and Traill [9]. They can aso be calculated
from theory asit will be demonstrated in Section 7.

Table 4. Net intensities measured from binary mixtures of
SiO, and Al,O3, asfused disc, where Si isthe analytei.
Relative intensities R;, and also the values of the expression
(G/Ri-1), have been calculated. The fused disc composition is:
1gsplet5 g Li,B,O+0.3 g LiF. X-ray tube was operated at
60 kV, 45 mA.
SAMPLE l;
. ' R | CGRY | G

SO, AlO3 cps

0.2 0.8 2419 | 0.1605 02464 | 0.8

0.25 0.75 2998 | 0.1989 02573 | 075

0.4 0.6 5043 | 0.3345 01957 | 06

0.5 0.5 6450 | 0.4279 01686 | 0.5

0.6 0.4 7952 | 0.5275 01375 | 0.4

0.75 0.25 10,398 | 0.6898 00873 | 025

0.8 0.2 11,172 | 0.7411 00795 | 02

10 0.0 15075| 10 0.0 0.0
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The empirical binary influence coefficients can be
determined from the Lachance-Traill agorithm [9]
(LT):

Ci=Ri(l +Sb;C) @
which becomes for a binary compound

Ci=R( +bC) €)
or

(G/R-1) = byiC; 4

Equation (4) has the genera form of a straight-line
equation, i.e.

Y=mi X ®

where the dope m isequal to the coefficient bjj. This
method will be used to determine the value of empiri-
cal binary coefficients k. On paper, this method is
very smple. It essentialy consists to:

1. Prepare a set of binary specimens, for example,
fused discs, containing theanalytei and the matrix
element j, in different proportions covering all the
concentration rangemet in practice; preparealsoa
fused disc of the pure anayte.

2. Measure al the intensities |, (corrected for dead
time, background and any interference) of each
binary specimen, aso theintensity I(i) of the pure
analyte and calculate the relative intensities Ri
knowing that

R=1i/1(i) 6

3. Plot the curve of the expression (G/Ri-1) as a
function of the concentration G. The average
value of the dope of this curve, for the selected
concentration range, will give the researched
coefficient bil

4. Repesat steps 1, 2 and 3 for every andyte. As an
example for this procedure, the value of the coef-
ficient bgop.a1203 Which correctsfor the overall of
matrix effectsof aluminaon silica, has been deter-
mined. The measured intensities are given in
Table 4 and the curve drawn from these data is
given in Fig. 1. The obtained experimental value
for the coefficient by for this binary mixture is
0.344. The theoretical valueis 0.3482.

Although the determination of the coefficients by
seems relatively easy on paper, it isin fact far from
being so smple in practice. The main difficulties to
overcome are the following:
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1 . The preparation of fused discs is a long and
laborious work, requesting the services of a
competent and meticulous technician. The
number of fused discs necessary can becomevery
large. Indeed, a minimum of 300 discs would be
required to determine the 132 coefficients b;
needed for the analysis of the samples containing
the 12 analytes in Table 2. And in order to
enhance accuracy, it is preferable to prepare
every disc in duplicate, or even in triplicate!

2. It might be very difficult, often impossible, to
prepare al the fused discs required in the
determination of ly coefficients in the desired
proportions of i andj. Itisdoubtful, for example,
that we can succeed in preparing homogenous
discs having a flat and smooth surface for the
following binaries. Mg-Fe, P-Si, P-Fe, Mn-Ti,
etc; and for the discs containing the following
pure analytes. Mg, P, Ti, Cr, Mn.

3. All the possible experimental errors, particularly
those mentioned at the previous section, can be
present in the final value of by so that the true
value of by; especidly if it is small, can be
completely hidden and wrong.

4. 1t might be difficult to find all the chemical
products in the desired form that are required in
the preparation of the fused discs.

5. It is obvious that the poor homogeneity of fused
discs, the spectrometer instability and the
weighting errors will affect the accuracy of the
measured intensities. These error sources are
probably the cause of the misalignment of the
intensity 1;(0.2, 0.8) in Fig. 1.

6. If the coefficients b are not constant for a given
range of G, it becomes difficult to select the
average value.

7. To make valid the dead time correction, it is
necessary not to exceed the linearity region of
detectors. It might be difficult to cover dl the
concentration range and stay within this upper
limit at the same time, especidly for the fused
discs of the pure analytes.

In the face of al these difficulties, it is smply
impossible to empirically determine all the coef-
ficients b necessary for the analysis of samples in
Table 2. Only a few of them can be determined
satisfactorily and the rest with a varying success. On
the other hand, with some valid empirica values of
bil the analyst can possibly complete the series of
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required coefficients by using, with some reserve and
caution, the cal-cul ation methods as proposed by G.R.
Lachance [14, 15].

For all these reasons and those mentioned at the
next section, we cannot recommend this method, but
without advising to discard it completely.

6. Empirical Multi-Element Influence Coef-
ficients

One of the first types of influence coefficients to
be used was the empirical multi-element influence
coefficients. They are based on the experimental
observation that the magnitude of the total matrix
effect (absorption and enhancement) of any matrix
element j on andyte i, in a given specimen, can be
guantified by aninfluence coefficient eij (theletter "e"
isfor empirical). Lachance and Traill [9] wereamong
the first to apply these coefficients to practical
analytical applications by proposing an equation of
the following form:

C=Ri (1+SeG) )
whereRj istheratio of the intensity of analytei inthe
specimen (l;) relative to the intensity of the pure
andyte i(ly); G and G are respectively concentra-
tions of analyte i and of matrix elementj. The Lucas-
Tooth and Pyne model [16] and the Rasberry-
Heinrich model [17] are other good examples of the
empirical approach.

The empirical coefficients (g;) used for matrix
effect corrections can be obtained by linear multiple
regression analysis using measured intensities and
compositions of multi-element reference materials
that cover the concentration ranges of elements of
interest. These coefficients are calculated during the
calibration in the following way. The relative
intensity R; is defined as equal to

Rizlill(i) = ]-/I(i)AIi = ijli (8)
wherek; isthe calibration factor [18]. Combining this
last equation with the equation (7) leads to
]./kiACizli+SjajA(| |C])
or

IizﬂkiACi-S,—e.,—A(I iCj) (9)

This is a multiple variable linear equation of the
following form:

Y =a X +apXotagXst...+anXn (10)
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where &, &, a;, ..., ay are the unknown coefficients to
be determined by the method of least squares, using
the measured intensities and the concentrations of an
appropriate set of multi-element reference materials.
The success of this method depends on the availa-
bility of reference material compositions that closely
match the compositions of the unknown samples. As
the number of analytesincreases, so must the number
of reference materias required. In fact, to avoid any
divergent solution of the respective simultaneous
eguations, it is recommended to use at least 2(N+l)
reference materiads, where N is the number of
analytes to be determined.

It should be noted that empirical coefficients
obtained by regression analysis of multi-element
reference materials do not generally have the same
values asthose determined from theory. This does not
present a problem for the results of analysis provided
that the reference materials cover the concentration
range of each analyte in the samples. Best results are
obtained only when the samples and reference ma-
terials are of the same type and prepared in the same
way.

The great advantage of empirical coefficients is
that they have only to be calculated once for a given
set of reference materials, and without the need to
resort to complex theory. Their useisquite simple and
practical. It is the best approach to use when one has
to analyze non-homogeneous specimens or when it is
not possible to eliminate problems such as the varia-
tions of particlesize or mineralogical effects. Empiri-
cal coefficients can tolerate aless meticul ous prepara-
tion of specimens. Thereisalso no need for reference
meaterialsthat the concentration total closesto 100%.

On the other hand, the preparation and
measurement of an adequate number of reliablerefer-
ence materials could be long and tedious and can
easily yield empirical coefficients that are often not
very accurate and have no physical meaning. Further-
more, this statistical approach is sensitive to experi-
mental erors in the data and the calculated
coefficients can only be applied to unknowns of
compositions similar to those of the reference materi-
as used. In other words, empirical coefficients are
liable to be inaccurate, depend on the composition of
reference materials used and consequently their range
of application is limited. The use of empirical coef-
ficients, with all their potential problems, must then
be limited as much as possible.
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Furthermore, the analyst must be extremely
cautious when using empirical coefficients calculated
by multiple regression analysis because such an
approach contains many potential pitfalls. Empirical
coefficients can not only correct for matrix effects but
can aso concea the correction of other effects
present, such as errors of measured intensities, poor
reference material chemical data, poor sample prepa-
ration, variations of particle size effects, minera-
ogical effects, surface effects, and so on. Unfor-
tunately all these effects have a tendency to fluctuate
from specimen to specimen, so that unknown speci-
mens analyzed using empirical coefficients give
results depending on these fluctuating factors and then
can be more or less reliable. The analyst must be
aware that empirical coefficients, derived from mul-
tiple regression calculations, can be so badly out in
terms of magnitude, and sometimes even have the
incorrect sign, that any intensity correction by using
them islikely to be pure guesswork.

An easier and much more practical solution to
these problems is to compute theoretical coefficients.
They have many advantages over empirical coef-
ficients. Such advantagesincludethe use of only afew
reference materials for setting up the calibration lines,
the possibility of application to wider concentration
ranges, and they can be calculated for any combina-
tion of elements and experimental conditionswithina
few seconds! Furthermore, theoretica influence coef-
ficients adlow any potentia error source to be
detected, isolated, and estimated, thereby giving
greater confidence in thereliability of results.

7. Theoretical Binary Influence Coefficients

Asadready shown in Section 5, binary coefficients
can be caculated empiricaly. They can dso be
caculated from theory, i.e, from the equation
proposed by Sherman. With this equation, the inten-
Sities emitted by representative binary standards are
calculated rather than being measured. With this ap-
proach, one assumes that the composition of a com-
plex sample is made up of a series of binary elements
or compounds where one considers the effect of one
matrix element at a time on each analyte, indepen-
dently of the rest of the matrix composition. Thus, a
series of influence coefficients is calculated from
hypothetical compositions for the binary series of
elements or compounds that comprise the samples. In
such a case, the coefficients are called theoretical
binary influence coefficients and represented by the
symbol a;.
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With theoretical influence coefficients, relative
intensities are used in most correction models for
purposes of convenience. Asthe rlative intensity R;
isdefined asthe ratio of the measured net intensity of
the analyte in the specimen relative to the intensity of
the pure anayte, this does not mean that the
measurement of the pure analyte is required in
practice unless it is the only reference material
available. If influence coefficients are obtained from
theory, then the intensity ;) of the pure analytei can
be determined from a set of multi-component
reference materials asfollows:

CG=Ri1+..]= |i/|(i)‘\[l+...] (12)
where
G concentration of the analyte

R relative intensity of the andyte i in the
specimen

I, measured net intensity of anaytei

Iy intensity of the pure analyte i

[1+...] any valid mathematical modd correcting

for matrix effects

The last equation can be rewritten in the form:

= gACH[1+...] (12)
This equation has the general form of a straight-line
equation, i.e.

Yi=mX; 13
where my; isthe dope of theline. Thus, using a series
of multi-element reference materias, you can plot a

calibration line where the dope is nothing else than
the calculated net intensity of the pure anayte [6].

The modern concept of theoretical binary coef-
ficients can be used by three different algorithms.
Thesethree agorithms, among all the proposed ones,
have been favored because of their accuracy and their
sound theoretical basis. They are:

First, the Lachance-Traill [9] (LT) agorithm:

G=R; (1+3a,G) (14)
where R; istheratio of the measured net intensity |; to
the measured net intensity of the pure analytei. The
binary coefficient aii iscal culated using thefollowing
equation [2]:
a. :—a i e”
' 1+e,C,
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wherea;; and g, defined by equations (28) and (29),
are calculated for the special case of abi nary standard
having acomposition (Cin, Cjm), where Cim isthe mid-
value of the calibration range of the analyte i and
where

ij: 1- Cim (16)

Nowadays, the apha coefficients as proposed by
Lachance and Traill [9] are no longer used in practice
because of their lack of accuracy. They have been
replaced by the theoretical binary influence coef-
ficients a;, which, as opposed to the alpha coeffici-

ents, take into account the enhancement effect aswell
as the polychromaticity of the incident radiation [2].

This approach assumes that the coefficient a; isa
constant (it is an approximation!) when it is applied
to specimens with a limited concentration range (0-
10%), such as, for example, oxides in rock samples
diluted in fused discs. In this case, the calculation
method by itself (Egns 14 and 15) introduces a
theoretical mean relative error of only 0.02% on the
calculated concentrations. On the other hand, for con-
centration variations greater than 10%, the concen-
trations calculated by this algorithm associated to the
g; coefficients are unacceptable (see Table 2).

In the case of diluted samples such asfused discs
or pressed powder pellets, the theoretica binary
influence coefficient (a;) defined above can be
modified by incorporating aconstant term. For exam-
ple, when a sample is fused in a fixed sample/flux
ratio to produce a fused disc, or when a pulverized
sample is mixed in a fixed sample/binder ratio and
pressed, the g coefficient can be modified by in-
cluding the weight fraction and the composition of the
flux or the binder, which are essentially constant for
every specimen. In this case, the g coefficient is
referred to as a modified coefficient. The coefficients
a;j can also be modified to express them in terms of
oxides rather than el ements themselves.

Two different g coefficients, calculated for the
correction of matrix effects of two different matrix
elements on the analyte, can be combined to form only
one coefficient. In this case, the new coefficient is
referred to asahybrid coefficient. It isan elegant way
to diminate the measurement of one analyte and to
correct for its matrix effects even if it has not been
measured or its concentration is not known. However,
this approach introduces more approximations and
must be used with caution and applied with great care.
The terminology "modified” and "hybrid" influence
coefficients has been proposed by Lachance [14] in
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1979 but his methods of calculation have not been
retained.

When samples are prepared as fused discs,
volatile products (e.g. CO;, H,0, SO,, Cl, F, etc.) can
belost during thefusion and/or it can beaccompanied
with a gain in weght due to oxidation (e.g.
FeO® Fe;03). In this case, there are three different
ways to calcul ate the sample composition:

1) A conventiona Loss On Ignition (LOI) is done on
the pulverized sample BEFORE the fusion and the
ignited powder isused to preparethefused disc. In
this case, there is usualy NO further loss of
volatile or gain in weight during the fusion and al
the calculated concentrations in the fused disc are
adjusted to take into account the LOI and get the
analyte concentrations in the sample [36]. This
approach generates accurate results except it is
time consuming.

2) A conventional LOI is done on the pulverized
sample, but the original sample is used to prepare
the fused disc. In this case, thereisloss of volatile
and/or gain inweight during the fusion. It changes
the sample/flux ratio and may severely affect the
accuracy of results. The method developed by us
takes this phenomenon into account by using a
theoretical approach based on the famous
Sherman equation [36]. The coefficient thus
calculated for the loss of volatile products and/or
gain in weight is included in the term [1+..]
correcting for matrix effects, even if it is not an
influence coefficient. This approach generates
accurate results and it is less time consuming than
the previous one because the LOI and the fused
disc can be done at the same time.

3) No conventional LOI is done on the pulverized
sample. Inthis case, thereisloss of volatile and/or
gaininweight during thefusion and the LOI vaue
is unknown. The LOI vaue is caculated by
difference between 100% and the sum of
calculated concentrations in the sample [36]. This
approach introduces more approximations in the
caculation method and is senditive to any
experimental errors. Since the accuracy of this
approach is more "unpredictable’, it must be
applied with caution and great care.

Second, the Claisse-Quintin algorithm [6, 19, 20,
21] (CQ):

The Claisse-Quintin agorithm (CQ) can be
described as an extension of the Lachance-Traill
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algorithm (LTB taking into account thefact that the LT
coefficient, a; T (Egn 15) is not a constant but varies
with the concentration of the matrix eements.
According to Claisse and Quintin the LT coefficient
a;"" varieslinearly with the concentration Cj, i.e.

aj'=a; + a;C
Thus, the general form of the Claisse-Quintin

algorithm for amulticomponent sample can bewritten
as.

> u
Ci =Rig|‘+éj(aij +aiijM)Cj +éj é. aijijCkl;l
e u

k>j
17)
where the matrix concentration Gy is the sum of all
elements in the sample except i, i.e.

Cu=1-Ci=Cj+Cy+..+Cy (18)

and where the "crossed" ternary coefficient &y has
been added to compensate for the fact that the total
matrix correction cannot be strictly represented by a
weighted sum of binary corrections. The binary
coefficients & and a; are calculated from theory at
hypothetical binary compositions of (C;, C)=(0.2, 0.8)
and (0.8, 0.2), respectively. The cross-product
coefficient, gy, is calculated at the ternary compo-
sition of (G, G;, C)=(0.30, 0.35, 0.35). To be more
explicit, if for a ternary system (G, G, G), the
variable K(C;, C;, C) is defined by

182
C. éR. &

] 1

F.(C.C,.C)=

Note that: if C=0, then
F, (Ci 0,C, ) _la, 1%
Ck Ri ﬂ
where the ratio G/R is cadculated by the Funda
mental Algorithm (Egn 27) for aternary system:
C, _1+a,C, +a,C,

Ei ) 1+e,C; +e,C,

fC
a;= 1/3[-Fi(0.2, 0.8, 0)+4F(0.:8, 0.2, 0)] (20)
a= 5/3[ F(0.2, 0.8, 0) - F(0.8, 0.2, 0)] (21)
a3=20/7[F(0.3, 0.35, 0.35)-F(0.3, 0.7, 0)

- F(0.3,0,0.7)] (22)
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“It+,a fi fi fCfj t+,a

As with the LT agorithm, when a pulverized
sample is mixed in a fixed sample/binder ratio and
pressed, the influence coefficients of the CQ
agorithm can be modified by including the weight
fraction and the composition of the binder, which are
essentialy constant for every specimen. The
influence coefficients of this algorithm can aso be
modified to express them in terms of oxides rather
than elementsthemselves. The hybrid coefficientsare
not calculated for the CQ algorithm because there is
no LOI (or gain in weight) during the preparation of
pressed pellets.

Third, the Lachance [22, 23] algorithm (or
COLA):

aCM u

C, =R{1+§ §a1+2— .
o V& l+a3(l-CM)0 1 (23)
+ajakaijijCk}

where the binary coefficients a, & and a; are defined
by the following equations:

a,= F;(0.999, 0.001, 0) (24)

a,=F;(0.001, 0.999, 0) -F;(0.999, 0.001, 0) (25)

a3=F,(0.001, 0.999, 0)-F,(0.5,05.0) -1
F(0.5,05, 0)-F{(0.999,0.001,0)  (26)

where the function F is given by the equation (19).
The "crossed" coefficients g« proposed by Claisse
and Quintin (see Eqn 22) has been retained and
included in equation (23). The Lachance agorithm
can be used for a broad range of concentrations (0
100%), for example, dloys. In this case, the
calculation method by itself introduces a theoretical
mean relative eror of 0.3% on the caculated
concentrations (see Table 2).

The agorithm proposed by G. R. Lachance [22]
in 1981 and caled COLA is as accurate as the CQ
algorithm (see Table 2), except that it is vaid for a
larger concentration range (0-100%). This agorithm
has been proposed mainly as a subgtitute for the
Fundamental-Parameters approach because of the
lack of availability of powerful mini-computersinthe
early eighties. Today, with the recent generation of
PCs, thisis no longer a problem. The COLA method
can therefore be replaced advantageously by the
Fundamental Algorithm approach.

The experimental verification of these three
agorithms done by Pella et a. [24], confirms the
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expected theoretical accuracy. Consequently, XRF
anaysts should consider the theoretica binary
coefficient approach withinthe LT and CQ algorithms
as a vauable dternative to the Fundamental-Para-
meters approach, especialy when the variations of
matrix effects or composition of samples to anayze
aresmall. The NIST [25] has a so published (on paper
only) acomputer program, called NBSGSC, enabling
oneto use these three a gorithmsin combination with
theoretical binary influence coefficients.

For the calibration and calculation of sample
compositions using the two first presented algorithms
with their associated theoretical influence coeffi-
cients, some commercid WINDOWSO software
packages, such as CiLT and CiROU, running only on
PC, are aso available [26].

8. Theoretical Multi-Element Influence
Coefficients

A better approach to empirica coefficients or to
theoretical binary coefficients is the Fundamental-
Parameters method proposed by Crissand Birks[3] in
1968. With this method a first estimate of concen-
trations is evaluated from measured intensities. This
estimate of composition is then used to calculate a
new set of intensities from which a new revised
estimate of composition is calculated. This processis
iterated until the difference between compositions of
two consecutive cycles becomes insignificant.

The great advantage of this method is its
theoretical exactness. However, although this method
has been improved by many researchers since its
publication, the original proposed method suffered
from the following weaknesses: to be able to use this
method a first approximation of the sample compo-
sition is absolutely necessary. Frequently, however, a
poor first approximation is generated from measured
intensities because such intensities have been strongly
modified by the matrix. To improve the first
approximation, concentrations are normalized during
the process of calculation. This normalization step
must absolutely be avoided if accurate results are
required, and its use is definitely not recommended.
The proposed calibration procedure is aso somewhat
ambiguous and inefficient and its range of application
is limited as well. Speed of calculation is very sow
because the complex parts of the Sherman equation
are calculated for each iteration and many such
iterations are required since the first approximation of
the composition is often very far from the find
composition.
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The Fundamental -Parameters approach proposed
by Criss and Birks is an application of the equation
derived by Sherman. By smply manipulating the
Sherman equation and by doing absolutely no
approximation at al during the process of derivation,
Rousseau [ 2] deduced new theoretical expressionsfor
multi-element influence coefficients in which the
corrections for both absorption and enhancement
effects are clearly and accurately defined. They are
used in the Fundamenta Algorithm

where

_a W, (1 (), (%)
a(,.vvﬂl(k) e

where a;; and g; are the multi-element influence coef-
ficients correcting for absorption and enhancement
effects, respectively. The equations that define the
symbols Wii(l «), b;(l ) and d;(l ) are given in the
Ref. (2).

Since the a;; and g; coefficients depend on the
total matrix composition they must be calculated for
each sample in the following way: afirst estimate of
the composition is calculated using the Claisse-
Quintin algorithm

G =R [1+ Sj(a; +ajCw)G +SjSauCiCd
(30)

where Cy is the total matrix concentration and a;, aj;
and aj are binary (a; and g;) and ternary (ay) in-
fluence coefficients. Then, from this estimated com-
position, al a;; and g; coefficients, the complex parts
of the Sherman equation, are calculated only once.
With these calculated coefficients now used as
congtants, the final composition of the sample (and a
more accurate one) is calculated by applying an
iteration process to the Fundamental Algorithm.

The Fundamental Algorithm (Egn 27) can be
applied to any type of samples of any composition.
This caculation method by itself introduces a theo-
retical mean relative error of only 0.05% (see Table
2). An experimental verification of this method done
by Rousseau and Bouchard [27] on different types of
alloys confirmed the accuracy and versatility of the
method.
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However, this theoretical approach needs to be
adapted to the experimental dataof each spectrometer,
since theory cannot account for al the instrumental
parameters. This is done through a smart calibration
procedure that compares the measured intensities to
the calculated intensities [6,11,18].

Furthermore, if the mathematica expressions
used to calcul ate influence coefficients are exact, that
does not imply that al physica parameters used in
these expressions, such as mass absorption coef-
ficients [28, 29], fluorescence yidds [30, 311,
transition probabilities [32], calculated incident spec-
tra[33], etc., are themselves exact or without errors.
To thisday, there is some uncertainty in the values of
fundamental parameters. Fortunately the calibration
procedure [18] alows one to adapt the Fundamental
Algorithm to experimental data by reducing the effect
of these errorsto alevel lessthan 0. 1 %.

As with the LT and CQ agorithms, when a
pulverized sample is mixed in a fixed sample/ binder
ratio and pressed, the influence coefficients of the
Fundamental Algorithm can be modified by including
the weight fraction and the composition of the binder,
which are essentialy constant for every specimen.
The influence coefficients of the Fundamental Algo-
rithm can also be modified to expressthem in terms of
oxides rather than elements themselves. The hybrid
coefficients are not calculated for the Fundamental
Algorithm because thereisno LOI (or gainin weight)
determination during the preparation of pressed
pellets or alloys.

The calibration and calculation of sample
compositions using the Fundamental Algorithm and
its associated theoretical influence coefficients cannot
be done without computer programs. A commercia
WINDOWSO version of the software package called
CiROU [34], running only on PCs, isavailable [26].

Lachance and Claisse [35] have recently
introduced another type of influence coefficients.
They are ill called theoretical multi-element
influence coefficients but are defined by:

a. -e.
i

al=—_0 U (31)
ij o
1+a e, C,
which are used in association with the LT agorithm:

C=Ri(l + Sja ij*Ci) (32

The a;j* coefficient regroupsin one entity the aj;
and e; coefficients of the Fundamental Algorithm
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rather than to keep them separated. Note that this
coefficient is not new. Indeed, Rousseau [5]
introduced it many years ago before Lachance and
Claisse. They use a different symbolism, but the
meaning of each symbol is the same.

In practice, there is no benefit in using the LT
algorithm rather than the Fundamenta Algorithm. In
fact, not only is there no benefit but one also loses
something. By using equation (32) rather than
equation (27) we lose the mathematical robustness,
i.e. equation (32) requires more iterations before to
get the final result (the convergence process is
dower) and thisequation isa so more sensitive to any
error in measured intensities [361.

Furthermore, Lachance and Claisse did not
suggest any method to calculate the first estimate of
the sample composition and no calibration procedure
either: their "new" (?) Fundamental-Parameters
method is incomplete. More comments of this ap-
proach are presented in Ref. (37).

To conclude this Section, we have presented
three different algorithms to cover the complete
analytical range. First, to calculate limited concen-
tration ranges (0-10%), we have proposed the
Lachance-Traill algorithm in combination with theo-
retical binary influence coefficients as calculated by
Rousseau. Second, to calculate medium concentra-
tion ranges (0-40%), we have proposed the Claisse-
Quintin agorithm in combination with theoretica
binary influence coefficients as caculated by
Rousseau. Finaly, The Fundamenta Algorithm has
been proposed to cal cul ate wide concentration ranges
(0-100%). Thus, we offer accurate analytical methods
able to work effectively in any analytical context:
diluted samples, pressed pellets and alloys.

9. Conclusion

As dready dated in Ref. (1): "To obtain
satisfactory results when using empirical correction
methods, an appropriate number of reference
materials must be available for covering the analyte
concentration ranges of interest. As the anayte
concentration ranges of the samples to be anayzed
increase and the elemental composition varies consi-
derably, then it becomes less likely that a large
number of appropriate reference materials will be
available. In such situations, theoretical correction
methods are more attractive and efficient to use,
because these methods are appli cabl e to wide concen-
tration ranges and only alimited number of reference
materials are required for good accuracy of results.”
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At the current state of our knowledge, theoretical
influence coefficients calculated from fundamental
parameters give sufficient accuracy in many instances
to suit most of the requirements of the analyst.
Although they do not yet represent a universaly
applicable calculation method, they are getting very
closeto such an ideal, and a substantial proportion of
current research in XRF anaysis is directed towards
improving fundamental techniques even more.

When theoretical influence coefficients are used
for the correction of matrix effects, only a limited
number of reference materials are required for the
calibration procedure [18] and obtain good accuracy
of results. For best accuracy, reference materials of
the sametype asthe unknown samples should be used.
Thiswill compensate considerably for uncertaintiesin
the fundamental parameters (for example, fluores-
cenceyields, mass absorption coefficients, etc.). Also,
the preparation of samples and reference materials
should beidentical, otherwise differences between the
two types of specimens can lead to inaccuracy.

No method for matrix effect corrections,
including that using theoretical influence coefficients,
cannot correct for physical effects, i.e. for particle
sze, mineralogical or surface effects, but only for
elemental interactions, i.e. for variations in chemical
composition of the samples or reference materials.

It ispossibleto determinetrace elementsusing the
Compton scatter peak for the correction of the
absorption effects without knowing the composition
of major elements[38]. However, the variation of the
sample compositions must be limited. By using
theoretical influence coefficients for the correction of
both matrix ef-fects, absorption and enhancement, itis
possible to determine trace el ements, aswell asmagjor
elements, even in the case of a broad variation of
sample compositions. Their use for the determination
of trace elements will increase rapidly over the next
few years. The only drawback with theoretical
influence coefficients is that the magor element
composition of the sample must be known in advance,
although it is less and less an obstacle with the
increasing automation of XRF spectrometers and of
their control software.

Since there is no longer any need for using
empirical coefficients to correct for matrix ef-fects,
only two types of influence coefficients remain
usable. Firstly the theoretical binary influ-ence coef-
ficients that are constant in a given concentration
range of C; and are independent of the matrix compo-
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stion. They areused in theoretically valid agorithms,
such as the Lachance-Traill or Claisse-Quintin.
Secondly, the theoretica multi-element influence
coefficients calculated from an estimate of the com-
position of each sample and then used in the
Fundamental Algorithm to obtain a more accurate
composition of the sample. Thislast method offersthe
maximum of accuracy in XRF analysis, this accuracy
being limited only by the quality of sample
preparation and the quality of reference materials, but
so are al other methods of matrix effect correction.

Because of their accuracy, theoretical influence
coefficients must be used as often as possible but they
are particularly useful in the following three cases:

1. To supplement empirical influence coef-
ficients;

2. To predict potential matrix effect problems;

3. To be used exclusively in those cases where a
few reference materials only are available.

Findly, today there are some high quality
commercial computer programs to perform quanti-
tative XRF analysisthat incorporate the most modern
correction methods, as well as al the tools necessary
for the XRF analyst to obtain reliable results.
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