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ABSTRACT

A Monte Carlo model was developed to simulate the x-ray fluores-
cence process within a homogeneous multi-element mixture. The model was
designed to simulate the x-ray fluorescence process in conventional x-ray
units, in which the sample is excited with a continuous spectrum of
exciting radiation. The model was applied to an alloy system in which
the inter-element effects are severe. The model was verified with
experimental data on similar samples. The results indicate that the
Monte Carlo model is a practical simulator for the x-ray fluorescence
process, with an associated error of less than 10%, which is probably as
accurately as the model parameters (particularly the fluorescent yield)

are known.



CHAPTER 1
INTRODUCTION

X-ray fluorescence spectroscopy has been widely used for the
compositional analysis of various materials such as metal alloys, slags,
ores, refractory materials, and others. It is applicable over an
extremely wide concentration range, from 100% for any element above
fluorine in atomic number to 0.0001% for sensitive elements in favorable
matrices. The high speed and degree of precision attainable are
especially attractive features of this technique.

As applied to quantitative analysis, x-ray fluorescence spec-
troscopy is based on the measurement of the intensity of the character-
istic radiation of the analyte, or element of interest, when it is
excited with x-rays. The relationship between the measured intensity and
the concentration of the analyte can be expressed graphically or by means
of regression analysis correlation equations based on samples of known
concentrations, i.e., standards.

The three main sources of errors in x-ray fluorescence spec-
troscopy are: 1) the instability of the spectrometer and associated
electronic equipment; 2) heterogeneity in the sample, such as particle
size, surface defects, and segregation; and 3) the inter-element effects
resulting from the chemical nature of the sample. Recent equipment
developments and sample preparation techniques, such as dilution, chemi=-
cal separation, and fusion, have contributed to reduce the first two

1
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sources of errors to an insignificant level. Therefore, the main concern
of the x-ray spectroscopist is to correct for the matrix effects of the
associated elements on the analyte-line intensity.

Several methods have been developed to eliminate or minimize the
inter-element effects. The use of standards has provided the means to
establish calibration curves and correction factors. The addition of
dilutants and absorbers to the sample reduces the interactions of the
individual elements to such an extent that the resulting calibration
curves are straight lines. However, sample contamination, limited appli=-
cations, and time consumption are some of the disadvantages and/or
restrictions of these methods. Many empirical and theoretical methods
have also been applied for the correlation of the analyte-line intensity
and concentration.

The present work is aimed at studying the inter-element or matrix
effects on the analyte-line intensity by the associated elements present
in a homogeneous multi-element mixture. This was achieved by a Monte
Carlo simulation of the x-ray fluorescence process, in which photons with
random energy are forced to interact within a sample of known composi-
tion. The path histories of the photons as they move through the sample
are recorded and all the events involved in the fluorescence process are
analyzed to determine the degree of interference or matrix effects. The
influence coefficients thus determined were, in turn, used in a regres-
sion equation to determine the analyte's concentrations from measured

intensity data.



CHAPTER 2
LITERATURE REVIEW

The effect of total sample composition on the fluorescent
intensity of the analyte lines has been studied by many investigators, as
will be discussed in the following sections. In addition to the change
of intensity of the analyte line with its concentration, variations occur
with changes in concentration of the other elements in the sample. The
effects of the associated elements on the analyte-line intensity are
designated synonymously as matrix, inter-element, and absorption-
enhancement effects. The matrix effects may arise from the following
phenomena: 1) the matrix absorbs the primary radiation that could excite
the analyte 1ine; 2) the matrix ébsorbs the analyte radiation; and
3) one or more of the elements present in the sample emit characteristic
or secondary radiation that could excite the analyte to emit additional
characteristic lines (Bertin, 1970).

If the KaA line of element A occurs at a wavelength just less
than the absorption-edge wavelength of element B (Fig. 2.1), where the
absorption-edge wavelength, Aabs’ is the wavelength corresponding to the
minimum energy required to excite a given characteristic line in an atom,
the KaA radiation is absorbed by element B. Furthermore, if the KaB line
is, in turn, excited by element A, then the KuB line intensity fis
enhanced in proportion to A and the KaA is reduced in proportion to B.
The relationship between the A- and B-line intensity and its coqcentration

3
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Fig. 2.1 Mutual Enhancement and Absorption Effects of Elements A and B.
-- Mass absorption coefficient vs. wavelength.



in a multi-element mixture can be illustrated graphically (Fig. 2.2).
Curve A represents the ideal case, where the absorption characteristic
of the matrix is substantially the same as the analyte for both the
primary and analyte radiation. Absorption effect of B on A is illus-
trated in curve B, where element B strongly absorbs primary and A-line
radiation, and the measured A-line intensity is smaller than would be
expected. Enhancement of B by A is illustrated in curve C, where A lines
exciée the B atoms to produce additional characteristic lines, and the
measured B-line intensity is larger than would be expected. Therefore,
the prediction of the inter-element effects is of great importance in
x-ray secondary emission spectroscopy. The matrix effects are systematic,
predictable, and readily evaluated (Jenkins and de Vries, 1967). Thus,
several analytical and mathematical methods have been developed to
eliminate, minimize, circumvent, aﬁd/or correct for these inter=-element

or matrix effects.

2.1 Analytical Methods

For quantitative analysis, it is necessary to relate the measured
fluorescent Intensity to the concentration (weight fraction) of the
analyée in the sample. As a first approximation, the spectral-line
intensity of element A in a homogeneous matrix, M, is proportional to its

concentration, as given by the following equation,

= C, il (2.1)

| Am'a,A

A,M

where C is the weight fraction or concentration of analyte A in

A,M

matrix M, and 'A A is the line intensity in pure A. Even under ideal
H
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Fig. 2.2 cCalibration Curves Illustrating the Matrix Effects on the
Analyte-Line Intensity -- Intensity vs. weight fraction.



operational conditions, Equation (2.1) seldom applies, as the analyte

intensity is also a function of the other elements in the matrix, M,

Ly = Fn (1 4, Cp s M), (2.2)

AM AA° TAM

where the matrix, M, consists of the entire specimen, except the partic-
ular analyte under consideration. Thus, in a multi-element mixture, the
matrix of the same specimen is different for each element present. The
most widely used methods to determine the precise composition with the
aid of standard samples of known composition are discussed below.

2.1.1 Standard Addition and

Dilution Method

This method usually requires few standards or calibration curves,
which makes it suitable to samples that are not frequently analyzed. It
is only applicable to trace and minor analysis, where the analyte-line
intensity vs. concentration is assumed to be linear.

Campbell and Carl (1954, 1956) treated a sample, X, with a
standard material, S, containing a known concentration of the analyte,
Cs, thus forming a mixture, XS, having concentration CXS‘ Then the
measured analyte-line intensities from both the untreated and treated

samples were related to the original concentration as follows,

Cy = CS(IX/IXS)/[I = (1/14g) Cyel - (2.3)
Wagner and Bryan (1966) used a similar method, but instead treated both

the sample and the standard with the same amount of an inert dilutant

containing no analyte. Similar techniques or methods have also been used



by Gunn (1957), Hakkila and Waterbury (1960), Rose (1960), Lambert

(1959), and other investigators.

2.1.2 Calibration Standardization Methods

Most x-ray fluorescence spectrometric analysis now in use is
based on comparison of the analyte-line intensity measured from the
sample with several well-analyzed standards. The standards must be
similar to the samples with regard to: 1) physical form; 2) analytical
composition; and 3) physical features, such as particle size, surface
finish, and packing density. .The analysis is done by measuring the
analyte-line intensity from the sample. Then comparison of this
intensity with a calibration curve or mathematical calibration factor
(Muller, 1972) is made to determine the analyte concentration.

Instead of the total measured intensity, several iﬁvestigators
have used an intensity ratio. Andermann and Allen (1961) used the ratio
of the analyte intensity to the background intensity. Jones (1961) used
the intensity ratio between the analyte line and some reference element
added to the sample. Cullen (1962) used the ratio of the analyte
intensity to the coherently scattered target lines.

Hirokawa (1962) used a two-standard method to determine the
analyte concentration in a sample with composition between that of the
two standards. Bertin (1964) and Fagel, Liebhafsky, and Zemany (1958)
used a binary-ratio method for the case in which only two elements are
analyzed in a light matrix. Davis and Van Nordstrand (1954) used a set
of calibration curves to determine the concentration of the analyte A as

a function of some element B in the matrix.



Internal Standardization Method. The internal standardization

method was first discussed by Hevesy and Alexander (1933), and later
reviewed by Adler and Axelrod (1955). In this technique, a known amount
of an element, which has a spectral line having excitation, absorption,
and enhancement similar to those of the analyte line, is added to the
sample as an internal standard, 1S. The analytical concentration of the

sample is then given by,

C,=¢C, 0, /1

x = Cisly/tys - (2.4)

The internal standard, IS, is usually an element having an atomic number
one or two above or below that of the analyte. Many workers have applied,
modified, refined, and extended this approach, as shown by the 24 cases
listed by Muller (1972).

This method is used to compensate for long-term instrument drift
and the matrix effects in many types of sbecimens. In particular, it
partially compensates for variations in density in powders and briquet
specimens. In liquids, it compensates for density, evaporation, and
bubble formation. Often, it is not necessary to measure the background
intensity, since it is substantially the same for the analyte, as well as
for the internal standard, in which case the peak-intensity ratio is used.
On the other hand, this method is not applicable to many types of samples,
such as bulk solids, foils, and small fabricated parts; nor at high
analyte concentrations (over 25%).

External-Standard Method. An external standard is a specimen

from which some intensity value is measured to be ratioed with the
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analyte-line intensity. The standard may be one of the samples retaiﬁed
for this purpose, or it may be any stable specimen not necessarily
bearing any relation to the samples to be analyzed. Hirokawa (1962) used
the emission lines from the specimen-mask plates of zinc or lead as
external-standard lines in the analysis of impurities in steel. Lincoln
and Davis (1959) used the analyte relative intensity in relation to an
external standard to compensate for long-term drift in the spectrometer.

In general, the calibration standardization methods described
above have been applied to compensate variations in volume, temperature,
and density, as well as for the matrix or inter-element effects.

2.1.3 Standardization with
Scattered X-Rays

The effect of the matrix on the fluorescent intensity may be
compensated for by making use of the diffusely scattered x-rays, or back-
ground radiation. Andermann and Kemp (1958) were the first to show that
the intensity of the diffusely scattered background intensity also
depends upon the absorption characteristic of the matrix. They also
demonstrated its great value in compensating absorption, density, and
particle-size effects, as well as for instrumental drift. This method is
especially suitable for low atomic number elements, as shown by Campbell

and Thatcher (1962), Ryland (1964), and Reynolds (1963).

2.1.4 Dilution Methods
The dilution method for the analysis of multi-element mixtures is
described extensively by Kemp, Hasler, and Jones (1954), Claisse (1957),

Blavier et al. (1960), Wang (1962), Bruch (1962), and others.



1

This technique is used to correct for matrix effects by
reducing the absorption characteristic of the matrix to a value deter-
mined by the diluent, and/or to correct for inhomogeneity and particle-
size effects by dissolution during fusion of the sample. The diluents
may be added in either or both of two ways: 1) a high concentration of a
diluent of relatively very low absorppion coefficient, such as borax
(Nath07), lithium tetraborate (LiBh07), and other fluxes; and 2) a low
concentration of a diluent of high absorption coefficient, such as Ba0,
BaSOh, LaOB, or KSOZ. In either case, the concentrations of the elements
in the original sample are reduced to the extent that the concentrations
are nearly proportional to the fluorescent intensities, since the absorp-
tion coefficient of the diluted specimen is largely determined by the
diluent for both primary and analyte radiations. Dilution also minimizes
enhancement, either by the reduction of the concentration of the
enhancing element or by increasing the absorption of the enhancing spec-
tral line. A heavy absorber is often added to reduce the matrix effects
of the original matrix when a low absorption diluent such as BaO2 or
KCIO3 is used to reduce inhomogeneity or particle-size effects (Gunn,

1957).

2.1.5 Thin-Film Methods

The inter-element effects are substantially minimized in speci-
mens that are very thin because neither primary nor secondary radiations
are significantly absorbed in the thin layer. Since atoms absorb and
emit independently of the other atoms present, the analyte-line intensity

is directly proportional to the analyte concentration.
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Rhodin (1955) developed the thin-film technique to analyze thin,
metallic films of iron, chromium, and nickel. Andermann and Kemp (1958),
by a careful calibration procedure, were able to measure film thickness
in the range of 30 R to 600 A. Birks (1959) demonstrated that the inter-
element effects disappear in a thin-film specimen, and Gunn (1961)
developed a simple relation between analyte-line intensity and the number
of analyte atoms in a thin film. Gunn also developed a technique to
obtain thin films by evaporating a solution of the sample on a mylar

film.

2.2 Mathematical Methods

The relationship between fluorescent intensity and concentration
may also be expressed mathematically in the form of an equation, where a
regression function is determined instead of a calibration curve. How=
ever, the parameters relating concentration and line intensity produce
complex functions. Thus, many alternative correction procedures have
been developed which are usually far easier to apply and frequently pro-
duce data which are at least as accurate as that obtained from more
sophisticated methods. The mathematical methods which have been found
most valuable in x-ray analysis may be divided into two distinct
categories: 1) the influence coefficient method; and 2) the fundamental

parameters method.

2.2.1 The Influence Coefficient Method
Determination of concentration in a multi-element mixture is best

formulated mathematically as a linear system of equations. This system
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of equations is derived by means of regression equations, with a unique
equation being formulated for every component. The concentrations of the
individual components are found by searching for such values-and concen-
trations, respectively, for which the total system of equations is ful-
filled simultaneously.

The first attempt at deriving working equations from first
principles to relate measured analyte-line intensity and concentration
was made by Glocker and Schreiber (1928), who derived a relationship for
primary fluorescence only. Gillman and Heal (1952) formulated relation-
ships that included secondary fluorescence effects.

The linear system of equations to determine a relationship
between the measured intensity and concentrations (weight fractions) in a
multi-element mixture was first attempted by Sherman (1954, 1955), and
later used by Noakes (1954), Pluncherry (1963), Preis and Esenwin (1959),
Burham, Howser, and Jones (1957), and others. The Sherman system of

equations is obtained from the following,

(a.. - ti)ci +Z%a,.C. =0, i#£j; and (2.5)

ii il

Ee =1, (2.5a)

where Ci is the concentration of element i, t is the counting time
required to measure the analyte-line intensity, and aij is the influence
coefficient of element j on i.

Beattie and Brissey (1954) analyzed a multi-element mixture by

establishing linear simultaneous equations involving empirical absorption
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coefficients, aij’ involving the absorption coefficient of elements i and

j only. The intensity and concentration are related as follows,

- (Ri - l)ci + = aijcj =0, i#], (2.6)

where the influence coefficients, aij's, are the quotients of the
combined mass absorption coefficients for the primary tube radiation and

the emerging analyte-line radiation,

u(d),  u(a),
a,. = = 4 ——d (2.7)

ij sin ¢ sin ¢’

where p(A) and p(a) are the mass absorption coefficients for the primary
and secondary radiation, respectively. Ri is the relative intensity of
analyte i with respect to a pure i standard; ¢ is the incidence angle;
and § is the take off angle.

Birks (1959) derived a similar equation based on the following
assumption§: 1) the specimen is homogeneous, infinitely thick, and has a
flat surface; 2) the primary x-ray radiation is monochromatic; and 3) the
enhancement effects have the same effect as low matrix absorption, or
that enhancement can be regarded as negative absorption. As a first
approximation, the absorption coefficients were obtained from intensity
data of binary systems.

Alley and Myers (1965) applied a multiple regression analysis to
derive regression coefficlents that would account for the inter-element
effects of the matrix. Mitchell and 0'Hear (1966) applied a similar
multiple regression analysis to study a series of metallic alloys, using

a digital computer to solve the regression equations for the first time.
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Criss and Birks (1968) applied a similar analysis to Birk's earlier work

and obtained the following system of equations,

(Riaij - 1) +3 aijcj =0, 1#]j, (2.8)

to determine all of the coefficients simultaneously, from multi-element
standards similar to the sample. This method corrects for the assump-
tions in the derivation of the system of equations given by Birks (1959).

'Multip]e regression analysis has also been applied by other
workers using the following equations:

1. Burham, Howser, and Jones (1957),

(aii - ti)ci + 3 aijcj =0, i#]; (2.9)

2. Guinier (1961),

R, = ci/(ci + 3 aijcj) =0, 1#]; (2.10)

3. Lucas-Tooth and Price (1961),

C, =a; + Ii(b + I aijlj) ; (2.11)

4. Lachance and Traill (1966),

Ry = Ci/(l + I aijcj) , T #1] fz.lz)

5. Claisse and Quintin (1967),

c./R, =1+ 3% a,.C,+ ¢ 1 B, .C,C, ; and (2.13)
o jé T g e KK
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6. Rasberry and Heinrich (1974),

IR, =1 ..C. ..C. . .
c|/R| + iazéj AlJCJ + i;zéj Bch/“ + c‘) , (2.14)

where C is concentration (weight fraction); Ri is the relative intensity

of analyte i with respect to some standard; aij's are the influence

coefficients of element j on i; and Aij and Bij are absorption and
enh#ncement influence coefficients, respectively.

The influence coefficients method has some difficulties that can
be ascribed to the following: 1) the empirical coefficients are derived
on the assumption that the primary x-ray radiation is monochromatic;

2) enhancement by secondary radiation occurring within the sample has the

same effect as low matrix absorption; and 3) a large number of standards

is required by some methods to determine the influence coefficient.

2.2.2 The Fundamental Parameters Method

The fundamental parameters method is based on the assumptions
that the specimen is homogeneous, very thick in comparison to the pene-
tration depth of the x~ray radiation (0.1 to 0.003 mm) (Koh and Caugherty,
1952), and has a reasonably flat surface. In this method, the measured
intensity is converted to analytical composition by entirely mathematical
means, and without intermediate standards or empirical coefficients.
This method does, however, require the knowledge of the spectral distribu-
tion of the primary radiation, the mass absorption coefficients as func-
tions of wavelength, and the fluorescent yields. Unfortunatély, the cal-

culations are extremely complex, only limited success has been obtained,
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and the method is appropriate only for simple systéms. Therefore, an
iteration process must be used to determine the analytical concentra-
tions, in which successively better estimates of the concentrations are
made until the calculated intensities from the fundamental parameters
equations agree with the measured intensities (Birks, 1959).

The intensity formula based on fundamental parameters was first
derived by Hamos (1945), and later discussed by Sherman (1954), Gillman
and Heal (1952), and by Shiraiwa and Fujino (1966). It was not until
Gilfrich and Birks (1968) determined the real spectral intensity dis-
tribution for W, Mo, and Cr x-ray tubes that it was possible for Criss
and Birks (1968) to calculate the exact fluorescence intensity regarding
primary and secondary fluorescence due to polychromatic radiation.
Probably the most successful approach to the use of fundamental data for
the evaluation of concentrations from measured intensities is the method
of Criss and Birks (1968), where the primary and secondary radiation
intensities are given by the following:

1. Primary intensity,

D, u, | _AA
(), = 6, ¥ B 1P P ; and (2.15)

ump/sin oy *+ umi/sin ¢
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2. Secondary intensity,

1
1(i) = G.C, — . C.K.u..u.
(Mg = &¢ z{ui ) DipCi% M 1p
p J
B csc ¢
e (25—
mp ] mj
gy v [+ 2 )
—_—————ln {1 + ———— , and (2.16)
B, ©sc ¢, ¥mj
Ry = [HO) + 1D 1100 (2.17)
where Ri is the relative intensity; ump, Moi ? uip’ and uij are the mass

absorption coefficients for primary and analyte-line radiations; Dip is a
constant of zero or unity value depending on whether or not the particular
primary radiation can excite analyte i; Ki is the probability of emission
of a particular spectral series; and Gi is the probability of emission of
a particular spectral line.

Although the method is theoretically correct, since the matrix
absorption and analyte excitation by the matrix are considered explicitly
for each element in the specimen, there are certain limitations to its
applications. The following are some of the principal limitations:

1) the present uncertainty.associated with the mass absorption coeffi-
cients and the fluorescent yields; and 2) the complexity of the calcula-

tions involved.
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2.2.3 Simulation Techniques

The probabilistic Monte Carlo method has been applied by Green
(1963), Archard and Mulvey (1963), Bishop (1965), and Birks, Ellis, and
Grant (1966) in quantitative x-ray emission microanalysis to determine
the distribution of x-rays within a pure target when excited with an
electron source. This technique utilizes a Finelyvfocused electron beam
to excite the sample, and the x-rays produced within the sample are then
recorded by a spectrometer. Recently, Gardner and Hawthorne (1975)
applied the Monte Carlo method to calculate the intensity of x-ray
secondary emission in a system excited by gamma rays from a radioactive
source. Although it has been applied to simulate other particle pro-

cesses, It has not yet been applied to x-ray fluorescence spectroscopy.



CHAPTER 3
SIMULATION TECHNIQUE

A Monte Carlo model was developed to simulate the x-ray fluores-
cence process and to study the inter-element effects within a homogeneous
multi-element mixture. The model was simulated with the aid of a
computer program developed on the x-ray principles set forth in the
following paragraphs.

In quantitative x-ray spectrometric analysis, it is the analyte-
line intensity that is measured and used‘to deterﬁine the analyte concen-
tration. The emitted intensity is affected by: 1) the spectral distribu-
tion of the primary x-ray beam; 2) the absorption of the primary x-rays
by both the analyte and the matrix; 3) the excitation probability and the
fluorescent yield of the analyte line; 4) the absorption of the analyte
line by the analyte and the matrix; and 5) the geometry of the x-ray
spectrometer.

To understand the model, consider the process of secondary
excitation of an analyte line in a homogeneous multi-element mixture.

In Fig. 3.1, consider an incremental layer of thickness dx, at a
depth x, in a specimen of density p. The incident angle of the primary
x-rays is ¢, and the take-off angle of the analyte-line beam is ¢y. The
intensity of the primary x-ray beam that could excite the analyte line is
that portion of the x-ray tube spectral distribution between the

20



Fig. 3.1

X=ray source

Secondary Emission of Element i, Excited by the Primary X-Ray
Beam, and Element j Radiation.

21
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short-wavelength limit of the tube, Aswl’ and the analyte-line

absorption-edge wavelength, xab

S

abs
| =f 1L ()an (3.1)

o
Aswl

The incremental loss in intensity, dl, of radiation passing
through an incremental layer, dx, is proportional to the initial

intensity of the primary x-rays, Io (Fig. 3.2),

dlx < = Iodx . (3.2)

The constant of proportionality is called the linear absorption coeffi-
cient and is usually written as L Rewriting and integrating over the

limits in Fig. 3.2,

di /1, = - u dx (3.3)

/1, = e (= u) (3.4)

A more significant and useful parameter in x-rays is the mass absorption

coefficient which is related to the density as follows,
u =u_/p (cmz/g) (3.5)
m p ’ :

where L is the linear absorption coefficient and p is the density.
Throughout this work, yu will refer to the mass absorption coefficient

unless otherwise indicated.



11, = exp (- uot)

Fig. 3.2 Absorption through a Slab of Thickness t.
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The attenuation of the primary beam in reaching dx is,

lx(l,x)dA = IO(A)dA exp [- uM(A)xp/sin 61 , (3.6)

where uM(A) is the weighted average absorption coefficient of the matrix,

M, for the given wavelength,

uM(A) =1z Ciui(l) ’ (3-7)

where Ci is the weight fraction of element i in the matrix.
0f the photons absorbed by the entire matrix, the fraction

absorbed by the analyte, A, having concentration Ca, and mass absorption

ua(k) is

Cuy/uy(d) . (3.8)

Then, only a certain fraction of the photons absorbed by the analyte will
contribute to excite the atom shell corresponding to the series of the
analyte line; for example, K shell. This fraction is related to the
absorption-edge jump ratio of the analyte for that shell, s and is

given by,

(rg = D/rg s (3.9)

where % is defined as the ratio of the mass absorption coefficient
evaluated at the short- and long-wavelength sides, as given by,
Mg FHg gy g e

o _ , (3.10)
Kowgp v vty t ...
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where the ui's are the mass absorption coefficients of thé analyte
evaluated at the different absorption-edge wavelengths.

When the atom is ionized in one of the inner shells, an electron
from an outer shell transfers into the vacancy and, in the process, emits
radiation of an energy corresponding to the energy difference between the
" two shells. This energy may be released as a characteristic or secondary
photon, in which case the process is x~ray fluorescence or secondary
emission. On the other hand, the released energy may be absorbed by the
atom itself, ejecting an electron from an outer shell, which is called
radiationless transition or Auger emission.

Therefore, only a fraction of all the electron transitions will
result in characteristic or secondary emission and is defined as the
fluorescent yield, w, which is the fraction of all electron transitions,

n, which are associated with the emission of secondary photons, s

Wy = nK/n . (3.11)

Furthermore, of the fraction of K photons emitted, the fraction that
leads to emission of the particular analyte line, K-alpha, to be measured
is given by the probability of the orbital transition resulting in that
line, Ik-

The intensity of the analyte line produced in the layer dx by the
primary beam is given by,

E_C_u_(a)

_ a'a a dx
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where Ea may be defined as a probability of emission,

E,= (1 - |/rK)ngK . (3.13)

Since x-ray fluorescence is emitted uniformly in all directions,
only a fraction, q, which is-a function of the instrument geometry, will
be intercepted by the optical system of the spectrometer. As it emerges
from the specimen, the analyte-line radiation is attenuated by the matrix

by the factor,

exp (- uM(A)xp/sin V) . (3.14)

The characteristic radiation is produced at all depths, x, and by all the
wavelengths between the short-wavelength limit of the spectrum of the
x-ray tube and the analyte absorption edge. Then, the analyte-line

intensity is given by,

anCa xabs,a
Ia = 7, 5 f}\ ua(A)plo()\) dXx
swli
: i) ()
. Jx exp { - xp [ Stn 3 + o ” ]} dx (3.15)

For a very thick specimen, where the thickness is very large as compared

to the penetration depth of the x-rays, Equation (3.15) becomes

(3.16)

A
. qE_C, J abs,a ua(k)lo(k)dk
uM(A) uy(2) -

a sin ¢ A
sin ¢ siny

swi
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The fluorescent intensity, which is excited by the spectral lines
of one or more of the matrix elements, has been derived Followiﬁg a
similar analysis by Gillman and Heal (1952), Sherman (1955), Renaud
(1963), Shiraiwa and Fujino (1966), and is given by the following

equation,

.

A . .

i} qE,CE.C; J abs, ] ua(J)uj ()1 (A)Ldx
Hy () uy (J)

sin ¢ sin ¢

, (3.17)

swl

Ln [ 1 + W] Ln [ 1 + ﬁmm]
L= uM(A)/sin ) + uM(a)/sin P ’

where la . is the contribution of element j to the analyte~line intensity.
?

The total analyte-line intensity, then, is given by

=1 +ZIJ.. (3.18)

The analyte-line intensity due to indirect enhancement or
tertiary effect, which occurs when the primary x-ray tube radiation
excites an element in the matrix, which in turn excites a second element
whose characteristic radiation is strong enough to excite the analyte,

has been reported by Sherman (1955) and Shiraiwa and Fujino (1966).

3.1 Derivation of the Monte Carlo Model

The system to be treated is tllustrated in Fig. 3.3; it consists
of a homogeneous, infinitely thick, multi-element specimen. It is fur-

ther assumed that is is excited with polychromatic x-rays.
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\w/4

¢ = angle of incidence

¢y = take-off angle

x = free path

z = collision coordinate

Fig. 3.3 X-Ray Fluorescence Model.
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Since each event of the x-ray fluorescence process is independent
of each other and governed by probability functions, a random probability
may be assigned to each event; then this probability is compared with
some pre-assigned probability distribution function to determine the out-
come of the event. In our case, a photon is emitted with a random energy
chosen from the probability distribution function (PDF) of the energy
source, and the distance traveled without an interaction is played for.
Then one must determine the matrix atom that will undergo some inter-
action with the photon., After the colliding atom is determined, the type
of interaction must be determined or played for; it could be absorption
or scattering. If the photon is absorbed, the type of emission is played
for accordfng to the emission pre-assigned probability; it could be char-
acteristic radiation or Auger emission. |If characteristic radiation
occurs, then one must play for the particular line emission, K-alpha or
K-beta. If the photon was scattered, a similar procedure as for absorp-
tion is followed to determine the type of scattering, elastic or
inelastic. For the new secondary photon emitted or for the scattered
photon, a direction is then assigned from the PDF governing that event.
A record is maintained of the outcome of all the events involved in each
photon path history, and updated with each interaction.

The aim of the simulation is to trace a sufficiently large number
of photon trajectories to allow an approximation to the conditions that

exist in a real sample.
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3.1.1 Random'WaveIength Source
The intensity distribution of the continuous spectrum can be
expressed as follows (Kramers, 1923),
-1

1(A)dA = Kiz [ ; -2 ] da , (3.19)
swl

where K is a constant, Z is the target's atomic number, i is the applied
current, and Asw] is the short-wavelength limit associated with the maxi-
mum energy of the exciting primary electrons.
If the probability density function, P(1), is defined as
follows,
)
P(x) = I(A)/I 1(x)da , (3.20)

Al :

and the corresponding cumulative probability density function as,

Ay

R(A) = f P(A)dA = r , (3.21)
A
1

the value of A is determined uniquely as a function of r. Moreover, if r
is a random number uniformly distributed on 0 < r < 1, then A falls with
frequency [(A)dA in the interval (A],Az).

Therefore, for the wavelength interval of interest, Aswl <A<

A...» then Equation (3.21) becomes,

abs
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r= (3.22)

A
] abs -1 _ -1 ]
L Al Ln Al * [ Yabs T Pswl ]J

If a large number of random numbers is chosen, and this equations is
solved for A each time, the computing time will become too large for
practical calculations. To avoid this difficulty, Equation (3.22) is
numerically solved over the given wavelength range, and fit by means of a
'Ieaét-squares polynomial to an m-degree polynomial of the form,

- 2 3 m
A a, + ayr+a,rt + agr oo tar . (3.23)

Then, for a given value of r, the wavelength of the primary photon can be
determined, and all the program parameters and x-ray properties that

depend on the wavelength can be calculated.

3.1.2 Length of the Free Path

The distance traveled by a photon between interactions is known
as the free path, and it is a random variable.

The fraction of the incident energy absorbed by the matrix at a
distance x may be defined as the probability, p(x), that a photon can

move through a distance x without undergoing a collision,

p(x) = exp (~ uxx) . (3.24)

Therefore, the probability that a photon can move through a distance x

and then undergo a collision at dx in the neighborhood of x is
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p(x) = exp (= u x)u dx , (3.25)

and the corresponding probability distribution function is

X
p(x) J woexp (- uXX)dx , (3.26)

o

1 -exp (- uxx) . (3.26a)

The average distance, x, between collisions is known as the mean

free path, and for a homogeneous specimen is given by,
X = J: X exp (- uxx)dx = l/ux . (3.27)

1t follows that the random free path must be expressed as,

p(x) =1 - exp (- x/x) , (3.28)

-
1]

or,

b
]

xIn (1 -7r). (3.29)

Since (1 - r) is uniformly distributed on 0 < r <1, the free path may

then be played for according to,

x == 1In r/ux , (3.30)

where o is the linear absorption coefficient of the matrix.
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3.1.3 The Colliding Atom
In the event of a collision of a photon in a homogeneous medium

that contains different species, the probabilities of cojlision are
proportional to the amounts of the various atoms present and to their
mass absorp;ion coefficients. If the photon is forced to interact within
the sample, sinc? the thickness is very large as compared to the penetra-
tion depth of the photon; then the probability of a collision with a

given atom will be given by,

Ciui/z Ciui , (3.31)

where C is the concentration (weight fraction), and u is the mass absorp-
tion coefficient of the species. The colliding atom is played for by
means of the scheme outlined below.

Consider a sample containing elements A, B, and C, with proba-
bilities of collision, Pa’ Pb, and Pc, respectively, which are the length

of the intervals in Fig. 3.4.

0 P (P, + P)

Fig. 3.4 Probability Distribution Analogy.
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In order to play for the colliding atom, a random number is generated and

tested to determine in which interval it falls. |If

r<pP
a H4

the photon will collide with an atom of element A. |If

P,r< (P, + Pb) ,

then the collision will be with a B atom; and finally, if

(Py*+P) <r,

the photon will collide with a C atom.
This technique or scheme to determine the outcome of a given
event is to be applied throughout the simulation process to determine

such events as the type of collision, type of emission, etc.

3.1.4 Sample Interactions

In x-ray fluorescence analysis, only scattering and photo-
electric absorption must be considered. The ratios of the absorption and
scattering coefficients to the total mass absorption coefficient charac-
terize the probabilities of scattering and photo-electric absorption,
respectively. These probabilities are used to determine the type of
collision when the path history of the photon is being considered.

When a photon collides with an atom for which

W=+ ap + 9y (3.32)
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then the probabilities of photo-electric absorption, elastic and inelastic

scattering are given by the following relations,

t/u UE/u H GI/u . (3.33)

The type of collision is played for by means of the scheme discussed in

Section 3.1.3.

3.1.5 Secondary Emission

In order to determine if an absorption event will yield the
desired analyte line, the probabilities of ionization, fluorescence, and
emission must be defined. These probabilities are related to the
absorption-edge jump ratio, Fs the fluorescent yield, Wyes and the proba-

bility of orbital transition resulting in the desired analyte line, g.

Thus,
Probability of ionization = (rK - l)/rK s (3.34)
Probability of fluorescence = W s and (3.35)
Probability of K emission = 9 > (3.36)
o

where g may be defined as the fractional value or relative intensity of
the analyte line in its series. For example, the fraction of the total

K-series x-ray photons emitted by the analyte that are K-alpha photons,
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{ + |
K K
_ ual o2
a K

where I lK is the sum of the intensities of all the analyte K-lines.

3.1.6 Scattering
If the photon is scattered by the matrix, then one must play for

the type of scattering, elastic or inelastic. In elastic scattering, no
change in wavelength or energy is involved. Therefore, if it is assumed
that it is isotropic, the scattering direction may be played for from
Equation (3.41).

. 1f the scattering is inelastic, the incident photon is deflected
with a corresponding change in wavelength, or energy loss. The change in

wavelength is given by (Compton and Allison, 1935),
Ax = 0.02426 (1 - cos 8) . (3.38)

Hence, the scattering wavelength is determined from the following

relation,

A = A + 0.02426 (1 - cos 8) , (3.39)

where 8 is the angle of scattering (Fig. 3.5).

3.1.7 Emission or Scattering Direction
X-ray secondary emission, as well as scattering, may be con-
sidered isotropic, uniformly distributed in all directions. In terms of

spherical coordinates (8, the polar angle; ¢, the azimuthal angle;



incident line of flight

%

direction of
emission or
scattering

(<]
1l

polar angle

azimuthal angle

R=g
]

Fig. 3.5 Spherical Coordinates System for the Emission or Scattering

Direction.
A
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Fig. 3.5), we may choose a direction of emission or scattering from the

following relations,

6
I sin 6 de/[1r sin9 do =r , (3.40)
o o
or
cos 8 =1 - 2r , - (3.41)
and
o 2
J dcb/f d¢ = r , (3.42)
) )
or
q) = 21'”" . (3vl.3)

3.1.8 Collision Coordinate

The collision coordinate is determined statistically from

Y =Y _, +xcos®o, (3.44)

where x is the free path, n represents the number of collisions, and
cos 8 is the direction of flight. This coordinate is used to determine
if the collision occurs within the specimen, or if the photon emerges

from the sample.
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3.2 Description of the Flow Chart

The flow chart for the Monte Carlo simulation is illustrated in

Fig. 3.6. See Appendix A for a complete listing of the actual program,

PROGRAM X-RAYS, used in this investigation.

10.

The following is a description of the program, step by step:

Box 1: input all the information needed to determine the program
to be run.

Box 2: DO loop for repeating the program for different samples,
or sets of concentrations. Once completed, STOP.

Box 3: read sample concentrations.

Box 4: preliminary calculations to determine the matrix density,
absorption~edge jump ratios, atomic percentages, and other
constants.

Box 5: print data and x-ray properties.

Box 6: initialize counters.,

Box 7: DO loop for the specified number of photéns to be

tested; when completed, move to Box 56.

Box 8: generate random number and determine random wavelength.
Boxes 9, 10, and 11: the wavelength is tested to determine if it
could excite the elements present, and activate the primary
photons counter for each element.

Box 12: auxiliary calculations -- initial indices are set, and

constant parameters are calculated.



START

Preliminary
Calculations

57

Print
Results

56

Initialize
Counters

Determine Rela-
tive Intensity
and Inter-element

effect

Fig. 3.6 Flow Chart for Program X-RAYS.
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8
Random Wavelength,
A=a+ bR + ch + dR3 + ...
i '1 12
Auxiliary

Calculation

13

Determine mass
absorption and
scattering
coefficients

KI(1) + 1

14

Determine Random
Free Path FP

19

Collision
Coordinate Y = FP

@ : 1 Collision Coord.
Y = fn(FP,8)

Fig. 3.6 Flow Chart, Continued.
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Yes 22

Random Probability
of Collision

lll‘IIIZB
24

sum = sum + pac

|

Random Type of Colli~-
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Fig. 3.6 Flow Chart, Continued.
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29

30
Random Probability to
Play for Type of

Scattering
1
Yes No
¥ 32 34
Random Scattering Random Scattering
Wavelength and Direction 0
Direction (A,8)

3
0“
Yes

Fig. 3.6 Flow Chart, Continued.



35

Determine Primary and
Secondary Absorption
Effects

37

KEX1(1) + 1

F

38

Random Probability of
K-emission

Yes

4o

Random Probability of
K-alpha emission

Fig. 3.6 Flow Chart, Continued.

"1 of Emission
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Enhancement Yes -alpha No
Effects ?
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Random Direction
e ——

Il



47
—=°)
Yes 48

LEX(1)_+ 1

, k9
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L-emission

23

Random Probability of
L-alpha Emission

Determine
Enhancement
Effects

2
Yes L-alpha No
?

54

s

= xL-beta

= X -alpha

5

Fig. 3.6 Flow Chart, Continued.
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1.

12.

13.

14.

15.

16.

17.

L6
Box 13: the mass absorption and scattering coefficients are cal-
culated for every wavelength. Also, the corresponding proba-
bilities are determined.
Box 14: generate random number and play for the random free
path.
Boxes 15, 16, and 17: teét the condition the free path is zero;
if a primary photon, D = 1, the collision occurs at the surface
and the program continues; if a secondary photon, D = 2, is
recorded as self-absorption, and the program continues; and if
D = 3, scattered photon, value is rejected and a new value is
played for.
Boxes 18, 19, and 20:. the penetration depth is determined; if a
primary photon, the penetration is calculated from the free path
and the angle of incidence; if a scattered or secondary photon,
D # 1, then the penetration is determined from the free path and
the scattering or emission direction.
Box 21: the collision coordinate is tested to determine if
photon will interact within the specimen, or if it will emerge.
If the photdn emerges, path is ended and a new primary photon is
generated, otherwise, program continues.
Box 22: generate random number and determine the random proba-
bility of collision, and play for the colliding atom.
Boxes 23, 24, and 25: this DO loop determines the colliding

atom.



18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

47
Box 26: the colliding atom is designated as X for future
reference.
Box 27: generate a random number and determine the probability
of scattering.
Box 28: test to determine the type of collision; if absorption,
go to Box 35, otherwise go to Box 29.
Box 29: the scattered atom is designated as SE.
Box 30: generate random number and determine the probability of
inelastic scattering.
Box 31: test to determine the type of scattering; if elastic, go
to Box 34, otherwise go to Box 32.
Box 32: generate random and play for the scattering direction
and calculate new wavelength.
Box 33: test new wavelength to determine if it can further
excite the elements presents; if not, path ended, go to Box 8 and
generate new primary photon; otherwise go to Box 12.
Box 34: for elastic scatte;ing, determine the direction of
scattering, then go to Box 14.
Box 35: determine the primary and secondary absorption effects,
and activate or update absorption counters.
Box 36: test to determine if the absorbed photon can excite the
analyte line. |If the wavelength is greater than the analyte-line
absorption edge, but less than the absorption edge for the

L-series, go to Box 47; if the wavelength is greater than the



29.

30.

31.

32.

33.

34,

35.

36.
37.

38.

39.

ho.

L8
particular line absorption edge, path is ended, go to Box 8;
otherwise, continue.
Box 37: excitation counter is updated.
Box 38: generate random number and determine probability of
K-emission.
Box 39: test for K-emission. If random probability is greater
than the K-emission probability, wK(rK - l)/rK, then Auger
emission will occur, path is ended, go to Box 8; if not,
continue.
Box 40: generate random number and determine probability of
K-alpha emission.
Box 41: test for K-alpha emission. |If K-beta, go to Box 4k;
otherwise continue.
Box 42: determine enhancement effects and update line emission
and enhancement effect counters.
Box 43: the wavelength is set equal to the analyte line, K-alpha,
go to Box U45.
Box 44: the wavelength is set equal to the analyte K-beta.
Box 45: generate a random number and play for the emission
direction.
Box 46: test if the emitted wavelength can excite the elements
present; if not, path ended, éo to Box 8.
Box 47: test if the absorbed photon can excite the L-line of the
analyte; if not, path ended, go to Box 8.

Box 48: increase the L-excitation counter.



hy.

L2,
b3,

l’l’l
b5,

6.

b47.

L8,

’49.

kg
Box 49: generate random number and determine the probability of
L-emission.
Box 50: test for L-emission; if no emission, go to Box 8.
Box 51: generate random number and determine the probability of
L-alpha emission.
Box 52: test for L-alpha emission; if no emission, go to Box 55.
Box 53: determine enhancement effects. Increase or update
line~emission counter.
Box 5&:. set wavelength equal to the analyte L-alpha, then go to
Box 45.
Box 55: set wavelength equal to analyte L-averaged line, then go
to Box 45,
Box 56: determine the relative intensities and/or the inter-
element effects.
Box 57: print results. If program is completed, exit through

Box 2 to STOP.

3.3 The Influence Coefficients

The inter-element effects or influence coefficients are deter-

mined by means of a multiple regression analysis of the Monte Carlo

simulation intensity data. The regression equation to be used for this

analysis is the following,

’ (3.45)

-t
e
—
4]
-
[
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Cme
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where aij is the influence coefficient of element j on the line intensity
of element i, C is concentration (weight fraction), and Ri is an
intensity ratio of the analyte intensity in the sample to the analyte
intensity in a reference standard.

The Ri's, relative intensities of the elements to be analyzed,
are obtained as follows. Simulation runs for a sample of 100% A, and
multi-element samples containing analyte A, are performed under the same
excitation conditions. The number of photons not absorbed by the matrix
and emitted by the analyte emerging from the sample is recorded for each
different sample. Since the probability of detection is a constant for a
given instrument, then the ratio of the analyte-line photons emerging
from the multi-element sample to that of the pure sample will correspond
to the relative intensity of analyte A.

(No. of photons emerging)M x (Prob. of detection)
R

i = TNo. of photons emerging)P x (Prob. of detection)

(3.46)

where M represents the multi-element sample, and P the pure element
sample.

Once the relative intensities of the elements to be analyzed are
obtained from the Monte Carlo simulation, the influence coefficients,
aij's, are found from a regression analysis performed by means of a
statistical subroutine MRA (Multiple Regression Analysis), available at
the University of Arizona Computer Center. Once the influence coeffi-
cients are evaluated, Equation (3.45) can be used to calculate analyte

concentrations from measured intensities from samples of similar
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compositions as those simulated. See Appendix B for actual listings of

the program used for the regression analysis.

3.4 Validation of the Monte Carlo Model

Experimental data from a series of metal standards were used to

validate the results thus obtained.



CHAPTER 4
SIMULATION RESULTS

The assessment of the accuracy of the Monte Carlo model was made
by comparison with the experimental data of Rasberry and Heinrich (1974).
The mass-absorption data of Leraux (1962), Heinrich (1966), and the Inter-

national Tables of X-Ray Crystallography (1962), and the fluorescent yield

data of Colby (1968), and Bambinek et al. (1972) were used throughout the
course of this investigation (Table 4.1).

The Ni-Cr-Fe ternary alloy system, in which the inter-element
effects are severe, was simulated over the compositional range of 0 to
100% of each element, under the following simulated instrument
conditions:

X-ray tube voltage: 45 kV FWR
Angle of incidence: 60°
Take-off angle: 30°
For the same instrument geometry, 60°/30°, simulations were also per-
formed using an applied voltage of 45 kV CP, where CP means constant
potential and FWR means full-wave rectified.

Simulations were also performed to study the effect of the number
of photons (or trajectories) considered on the relative intensity
(Fig. 4.1). A sensitivity test of the Monte Carlo model was performed
using various values of the mass-absorption coefficients, while holding
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Table 4.1 X-Ray Data. -- k implies the wavelength region to the short
side of the absorption edge; k1 implies the wavelength
region to the long side of the absorption edge.

Ni Fe Cr

Mass Absorption Coefficients

Leraux (1962), u = cA" C,: 118.1 97.61 79.1
n: 2.83 2.83 2.83
ckI: 15.53 12.54 9.94
UL 2.66 2.66 2.66
Heinrich (1966), u = cA" C,: 115.9 95.8 78.0
nk: 2.7 2.72 2.73
Ck]: 14.8 11.75 9.18
Ny 2.73 2.73 2.73
Int'l. Tables of X-Ray AAk: i58.0 126.0 99.0
Crystallography (1962)
3 L Bk: 40.1 27.2 18.2
u=Ax" - BA + C
AkI: 13.9 9.95 7.24
Bkl 0.615 0.433 0.268
C: 0.186 0.183 0.182

Fluorescent Yield

Colby (1968) i 0.392 0.324 0.258
Bambinek et al. (1972) 0.414 0.347 0.282




Predicted Relative Intensity

Fig. b.1
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the fluorescent yield constant, and vice versa. The results are given in
Tables 4.2 and 4.3.

In Table 4.4, the relative intensities and their corresponding
relative errors are given for several samples of analytical composition
similar to the samples used by Rasberry and Heinrich (1974). A1l the
relative intensities were calculated using Equation (3.46) and the data
obtained from the Monte Carlo simulations.

The inter-element effects of influence coefficients (Table 4.5)
were calculated using the relative intensities given in Table 4.4. Four
of the samples were not used in the calibration process, rather they were
reserved to be measured and computed as unknowns.

In Table 4.6, analytical results are given for the four samples
that were reserved for this purpose. The Monte Carlo results are based
on the relative intensities of Table 4.4, while the experimental results
are based on the measured intensity data of Rasberry and Heinrich (1974).
The analytical results were obtained according to Section 3.3. The rela-

tive errors are given in Table 4.7.



Table 4.2 The Effect of the Mass Absorption Coefficient on the
Relative Intensity. -- Mass absorption data:
International Tables for X-ray Crystallography, L from
Leraux (1962), H from Heinrich (1966); fluorescent

yield data:

Bk from Bambinek et al. (1972).

IT from

Weight Fraction

Relative Intensity

Ni Cr Fe Ni Cr Fe
0.2357 0.2784 0.3179 Experimental 0.1115 0.3361 0.3179
IT-Bk 0.1333 0.3086 0.3066
L-Bk 0.1232 0.3342 0.3210
H-Bk 0.1280 0.3145 0.3193
0.6429 0.1688 0.1501 Experimental 0.4367 0.2072 0.1501
1T-Bk 0.4383 0.2025 0.1395
L-Bk 0.4202 0.2092 0.1594
H-Bk 0.4472 0.2020 0.141
0.3599 -- 0.6319 Experimental 0.1720 - 0.6958
1T-Bk 0.1778 - 0.6748
L-Bk 0.1677 -- 0.6594
H-Bk 0.1737 -- 0.6485
0.8041 0.1897 -- Experimental 0.6556 0.2240 --
IT-Bk 0.6L465 0.2240 -
L-Bk 0.6388 0.2000 --
H-Bk 0.6424 0.2117 --
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Table 4.3 The Effect of the Fluorescent Yield on the Relative
Intensity. =-- Mass absorption data: H from Heinrich
(1966); fluorescent yield data: C from Colby (1968),

and Bk from Bambinek et al. (1972).

Weight Fraction

Relative Intensity

Ni Cr Fe Ni Cr Fe
0.2357 .2784  0.4721 Experimental 0.1115 0.3361 3179
H-Bk 0.1280 0.3145 .3193
H-C 0.1221 0.3435 .3213
0.7265 .1540 0.0660 Experimental 0.5534 0.1740 0667
H-Bk 0.5630 0.1867 L0621
H-C 0.5558 0.1911 0628
0.6429 .1688 0.1501 Experimental 0.4367 0.2072 1460
H-Bk 0.4472 0.2020 144y
H-C 0.4379 0.2133 1445
0.6064 .3883 -- Experimental 0.4111 0.4305 --
H-Bk 0.4222 0.4031 -
H-C 0.4042 0.4127 -
0.8041 .1897 - Experimental 0.6556 0.2240 -—
H-Bk 0.6424 0.2117 -
H-C 0.6442 0.2355 --
0.3599 - 0.6315 Experimental 0.1720 - .6958
H-Bk 0.1737 - .6485
H-C 0.1726 - .6860




Table 4.4 Predicted Relative Intensities. =- Based on the mass
absorption data of Heinrich (1966) and the fluorescent
yield data of Bambinek et al. (1972).

Weight Fraction

Relative Intensity

Ni Cr Fe Ni Cr Fe
0.6428 0.1688 . 1501 Experimental 0.4367 0.2072 0.1460
0.5472 0.2020 0.144
(+2.39)  (-2.41)  (+1.3)
0.1927 0.2696 .5280 Experimental 0.0810 0.3311 0.3529
0.1016 0.3249 0.3523
(+23.0}) (-1.9) (~.85)
0.7265 0.1540 .066 Experimental  0.5534 0.1740 0.0667
0.5630 0.1867 0.0621
(+1.7) (+7.3) (-6.8)
0.2357 0.2784 4727 Experimental 0.1115 0.3361 0.3179
0.1280 0.3145 0.3193
(+15.9)  (-6.4) (+.44)
0.0996 0.1988 .6945 Experimental 0.0416 0.2651 0.4971
0.0407 0.2634 0.4968
(-2.2) (-0.6) (-0.1)
0.1927 0.2696 .5280 Experimental 0.0821 0.331 0.3529
0.0774 0.3171 0.3769
(-5.72)  (-4.83) (+6.8)
0.6064 0.3883 -- Experimental 0.4111 0.4305 -~
0.4h222 0.4031 -
(+207) (-6-1}) -
0.8041 0.1897 -- Experimental 0.6556 0.2240 -~
0.6424 0.2117 -
(-2.0) (-5.5) --
0.7343  0.2621 -- Experimental  0.5543 0.2873 -
0.5711 0.2632 --
(+3.0) (+8.4) -~
0.7858 0.2096 - Experimental 0.6515 0.2304 --
0.6517 0.2174 --
(+0.03) (-5.6) -



Table A.4, Continued.

Weight Fraction

Relative Intensity

Ni Cr Fe Ni Cr Fe
0.7192 0.3360 -- Experimental 0.5392 0.317h -
0.5560 0.2789 --
(+3.1) (-8.9) --
- 0.0608 .9372 Experimental - 0.1004 0.8270
- 0.1154 0.7605
-- (+14.9) (-8.0)
- 0.3658 .6322  Experimental - 0.4476 0.3579
-- 0.4348 0.3457
-- (-2.9) (-3.4)
- 0.2503 L7747 Experimental - 0.3326 0.4748
-- 0.3529 0.4945
-- (+6.1) (+4.1)
0.6520 -- .3431 Experimental 0.4073 -- 0.4373
0.3984 - 0.4479
(-2.2) -- (+2.5)
0.3599 -~ .6315  Experimental 0.1720 -- 0.6958
0.1737 -- 0.6485
(+.99) -- (+6.8)
0.4820 -- .510 Experimental 0.2553 -- 0.5907
0.2622 -- 0.5543
(+2.7) - (-6.2)




Table 4.5 Inter-Element Coefficients for the Ternary System
Ni-Cr-Fe. -- The coefficients were based on the
data obtained from the Monte Carlo simulation
using the mass-absorption data of Heinrich (1966)
and the fluorescent yield data of Bambinek et al.

(1972) .
X-Ray Line Ni Cr . Fe
Ni Ka 1.01646 2.16111 2.72463
Cr Ka 0.84524 1.14946 0.62223

Fe Ka 0.61702 3.12365 1.03952




Table 4.6 Calculated Concentrations (Weight Fractions). =- The
analytical values were determined by wet chemical
analysis, as reported by Rasberry and Heinrich (1974).
The experimental values were obtained by a regression
analysis of the measured intensity reported by Rasberry
and Heinrich (1974).
Sample Method Ni Cr Fe
1 Analytical 0.6552 0.0000 0.3431
Monte Carlo 0.6579 0.0000 0.3420
Experimental 0.6622 0.0000 0.3378
2 Analytical 0.0015 0.2577 0.7250
Monte Carlo 0.0015 0.2531 0.7453
Experimental 0.0016 0.2594 0.7390
3 Analytical 0.1480 0.2130 0.6303
Monte Carlo 0.1507 " 0.2140 0.6354
Experimental 0.1547 0.2181 0.6273
4 Analytical 0.7265 0.1540 0.0660
Monte Carlo 0.7509 0.1513 0.0979
Experimental 0.7538 0.1474 0.0987
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Table 4.7 Calculated Relative Errors (%). -- Experimental values
are based on Rasberry and Heinrich's (1974) measured

intensity data.

Sample Method Ni Cr Fe
1 Monte Carlo +0.11 0.00 -0.32
Experimental +1.07 0.00 -1.54
2 Monte Carlo 0.00 -1.79 +2.73
Experimental +6.67 +0.66 +1.93
3 Monte Carlo +1.82 +0.47 +0.81
Experimental +4.53 +2.39 -0.48
4 Monte Carlo +3.36 -1.75 +48.33
Experimental +3.76 +4.29 +49.54
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CHAPTER 5
DISCUSSION OF RESULTS

There are three main sources of error in a simulation of this
type. The first is statistical, the result of the finite number of
trajectories or primary photons considered. The second is systematic,
introduced by the spectral distribution of the energy source uéed; and

the third is from the inaccuracies of the x-ray data used.

5.1 The Statistical Error

The statistical ,error can be reduced by increasing the number of
primary photons used, the accuracy of any parameter increasing as the
square of the number of photons considered. Since the whole simulation

process has a statistical basis, the estimate of the relative error is

Error (%) = + 100 x Y9(1 - Ri)/RiN s (5.1)

where N is the number of photons considered, and Ri is the calculated
relative intensity. From Equation (5.1), if the statistical error is to
be reduced by one order of magnitude, the number of photons must be
increased by a factor of 100. But there is no point in reducing the
statistical error below those arising from other sources.

The effect of the number of photons on the relgtive intensity is
illustrated in Fig. 4.1, and the relative intensities and their corre-
sponding relative error are given in Table 5.1. All other simulations
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Table 5.1 Effect of the Number of Photéns on the Relative

Intensity.

Ni Cr Fe
Sample weight fraction: 0.6429 0.1688 0.1501
Relative intensity: 0.4367 0.2072 0.1460

Relative Intensity
Number of Photons Ni Cr Fe

5,000 0.4309 0.1634 0.1614
(-1.33) (-21.14) (+10.54)

10,000 0.4472 0.2020 0.141

(+2.39) (-2.41) (+1.31)

15,000 0.4631 0.1868 0.1386

(+6.04) (-9.85) (-5.07)

20,000 0.4708 0.191 0.1398

(+7.81) (~7.82) (-4.25)

25,000 0.4695 0.1966 0.1343

(+7.51) (-5.12) (-8.01)

30,000 0.4485 0.1968 0.1464

(+2.27) (-5.02) (+0.21)
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were based on 10,000 photons, since the relative error did not change

considerably within this range.

5.2 Energy Source

Two x-ray tubes were simulated, one with an applied voltage of
45 KV CP, and the other with an applied voltage of 45 KV FWR. For the
FWR applied voltage, there is less intensity in the short-wavelength
portion of the continuum. This may or may not be important, depending on
the elements to be excited in the sample. In the present investigation,
the full-wave rectified applied voltage was used to reduce the line
intensity of Ni.

The spectral distribution of an x-ray tube operating at constant

potential, CP, is given by,

I (A)dA = KiZ [ - A'Z] a (3.21)

A
Aswl

and for the full-wave rectified potential,

1 -1 { Pswl

|(X)dk=CiZ—_T——|:)\ cos sin {-_A——]
A TA

swl

T -1 Aswl
- lsw] [-2—- sin T—]] dx . (5.2)

These equations were numerically solved according to Section 3.1.1 to
obtain a polynomial equation of the wavelength as a function of random

number, as given by,
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A = 0.307h + 3.0216r - 10.9973r% + 34.1240r3 - 52.7779+"

+ 40.6418r> - 12.2244r5 | ) (5.3)

for the 45 KV FWR, and

A = 0.2663 + 2.1367r - 5.8527r2 + 18.6410r3 - 27.0634r"

6

+ 20.8460r° - 6.1450r (5.4)

for the 45 KV CP, These equations are i{llustrated in Fig. 5.1.

A1l the simulations were performed using a simulated applied
voltage of 45 KV FWR, since the experimental data used to validate”the
Monte Carlo model were obtained under similar conditions. Also, the
relative intensities calculated with an applied.voltage of 45 KV CP were
virtually the same as for the 45 KV FWR potential.

Accurate description of the spectral distribution of the x-ray
tube or energy source is required, since it governs both the frequency
and energy of the exciting primary x-ray beam for the energy or wave-
length range to be simulated. Furthermore, the energy source to be used
in the simulation model should be the same as the one in the spectrometer
to be used in order to reduce the error introduced by the spectral
distribution. A relative error less than 2% is introduced during the
least-squares fit of the wavelength and the random number data, that con-

tributes to the total error of the Monte Carlo model.
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5.3 [Inaccuracy of the X-Ray Data

The inaccuracies of the x-ray data also contribute to the total
error of the Monte Carlo method. Simulations were performed to determine
the sensitivity of the Monte Carlo model to changes in the mass-
absorption coefficients and fluorescent yields; the results are given in
Tables 4.2 and 4.3. When the fluorescent yield was held constant and the
mass-absorption coefficients were varied, a relative error of 3% was cal-
culated. For the simulation in which the mass-absorption coefficient was
held constant and the fluorescent yields were varied, a relative error
of 4% was calculated.

The shortcoming of the uncertainties in the x-ray data available,
such as the mass-absorption coefficient and fluorescent yield, is being
overcome rapidly, since many investigators are devoting themselves to

remeasuring the required data.

5.4 Analytical Results

Influence coefficients were calculated from the relative
intensities obtained from the Monte Carlo simulations; results are given
in Table 4.5. Similar coefficients were also calculated using the
measured intensity data of Rasberry and Heinrich (1974) (Table 5.2).
These influence coefficients were then applied in accordance with
Section 3.3 to the relative intensities of the four samples that were
reserved to be analyzed as unknowns. The analytical results are given in
Table 4.6 and the relative errors in Table 4.7.

The results show good agreement with the analytical values

obtained by wet chemical analysis, as reported by Rasberry and Heinrich



Inter-Element Coefficients for the Ternary

Table 5.2
System Ni-Cr-Fe. -- The coefficients were
based on the experimental data reported by
Rasberry and Heinrich (1974).
X-Ray Line Ni cr Fe
Ni Ka 0.99828 2.25181 2.81238
Cr Ka 0.83373 1.02457 0.68689
Fe Ka 0.68829 2.45114 1.06486
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(1974). The average relative error was less than 1% for all but 1 of 12
values. The high relative error obtained for Fe in sample L leads to the
belief that the regression model used to calculate the analytical
compositions does not apply to samples containing low concentration of
Fe. The same result was obtained for both data used. No other explana-
tion was found for such behavior.

The results given in Chapter I indicate that the Monte Carlo
simulation model is a practical method to obtain the relative intensity
data required for calibration methods without the use of calibration

standards.



CHAPTER 6

SUMMARY AND CONCLUSIONS

A Monte Carlo method has been developed to simulate the x-ray
fluorescence process within a homogeneous multi-element mixture. The
model was successfully applied to a Ni-Cr-Fe system in which the inter-
element effects are severe.

Relative intensities for each sample analyzed were obtained by
means of the Monte Carlo simulation. The associated error of the pre-
dicted relative intensities was less than 10%, which is probably as
accurately as the model parameters (mass absorption coefficients and
fluorescent yields) are known.

The results indicate that the Monte Carlo model that has been
developed is a practical simulator for the x-ray fluorescence from a
homogeneous multi-element mixture and may be used in place of standards
to obtain the intensity data required, when good mass absorption and

fluorescent yield data are available.
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CHAPTER 7
SUGGESTIONS FOR FUTURE WORK

The success of the Monte Carlo model indicates that it could be
applied to more complex systems. Although it proved to be useful for
systems in which the Ka line was the spectral line to be measured, the
model should be expanded and tested to include systems involving the
emission of the La and other lines of interest.

The spectral distribution of the x-ray tube primary beam is of
great importance in this type of calculation. Therefore, more reliable
equations or empirical relations describing the different types of x-ray
tubes that are available for x-ray spectrochemical analysis should be
developed to improve the accuracy of the model. Also, further study is

required to reduce the uncertainty of the x-ray data available.
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APPENDIX A

X-RAYS, A FORTRAN IV PROGRAM FOR THE MONTE CARLO

SIMULATION OF THE X-RAY FLUORESCENCE PROCESS
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PROGRAM XRAYS 13/74 OPT=0 TRACE FTN 4.6+42

PROGRAY XRAYS (INPUT,OUTPUT,TAPES = INPUT,TAPE6 = OUTPUT

(o]
.
.
.
.
.

A MONTE CARLO ANALYSIS OF THE INTERELEMENT EFFECTS IN
X-HAY FLUORESCENCE ANALYSIS. THIS IS ACHIEVED BY
SIMULATING THE PROCESS OF X-RAHYS SECONDARY EMISSION
OR FLUORESCENCE IN A HOMOGENEOUS MATRIX OF KNOWN
COMPOSITION. PHOTONS OF RANDOM ENERGY OR WAVELENGTH
ARE GENERATED AND THEIR PATHS THROUGH THE SPECIMEN
ARE STUDIED BY ANALYZING ALL THE EVENTS THAT ARE
INVOLVED IN THE PROCESS. THE INTENSITY DATA OBTAINED
WILL BE USED TO DETERMINE THE INFLUENCE COEFFICLENTS.

nnonoacaanan

BEAL NK(10),NKL(10),K1(10),K2(10),KA (10),KAA(10,10),
1K2A (10) ,KA1(10) ,KA2(10) ,KTAJ(10,10) ,R2A4({10,10) ,L1(10),
2LA (10) ,LAA(10,10) ,L1AJ (10,10) ,L2AJ (10,10),L2(10) ,L3(10),
3LA1(10),LA2(10) ,KAE(10,10,10) ,LAE(10,10,10) ,K3 (10) ,
4LA3(10) ,K3AJ(10,10) ,L3AJ(10,10) ,KAS (10, 10) ,LAS (10, 10),
SKA3 (10) ,LAES (10,10) ,KTP (10) ,KAES {10, 1C, 10) ,K3A (10) ,
6KEX1(10) ,KEX2(10, 10) ,KEX3 (10,10) ,KE®1 (10) ,KEM2 (10,10),
7K1A(10) ,L1A(10) ,L2A(10) ,LTP {10) ,KEN3(10,10) ,L3A(10),
8KZP (10) ,LEP (10)

INTEGER Z,X,D

DIMENSION Z(10) ,AW (10) ,XK(10),XKA(10) ,XKB(10),XL1(10},
1XL3 (10) , XLA (10) ,XL# (10) ,CK (10) ,CKL (10) ,CL1(10) ,CL2(10},
2TOA (10) , % (10) , WL (10) ,BHO(10) ,ELEN (10} ,RK(10) ,RL(10),
3GL (10) ,EMAC(10) ,EMSC (10) ,XKW (10) ,XLW (10} ,ATPEE (10) ,
4SuM(10) ,PI(10),SI(10},TI(10),PAC(10),PSI(10),PTL (10},
SNEE(10) ,TP(10) ,B1(10,10) ,MXA{10) ,PSUH (10, 10) ,SKAA(10),
65L1AJ (10) ,SK1AJ (10) ,SLAA(10) ,RC{10) ,PSCAT (10) ,¥(10),
7XL2(10),CLH(10),C (10} ,RI(10)
8,A1(3) ,A2(3) +A3 (3) ,AU (3) ,A5(3)

Covens
c READ PROGRAM PARAMBTERS AND X~RAY DATA
c..l-.

READ (5,1) NE,NR,LAL,IOR,NPP

READ (5,183) GK,NLY¥,AQI,ENX

READ (5,2) (Z(J).J=1,NE), (Ak (J),J=1,NE), (RHO (J) ,J=1,NE)
1 (XK (3) ,d=1,HE) , (XKA(J) ,J=1,8E), (XKB (J) ,J=1,NE) , (W(J),
20=1,NE), (ELE¥(J) ,J=1,NE) , (CR(J) ,d=1,NE) , (CKL(J) ,J=1,
3NE) , (NK (J) ,0=1,8E) , (NKL (J) ,J=1,5E) , (TOA(J) ,J=1,NE)

" READ (5,132) (BG(I),I=1,IOR)

READ (5,181) (TI(J),Jd=1,NE)

READ (5,90) VOLT,GEO

Cecnee

[ PHI = ANLGE OF INCEDENCE WRT THE SUBRFACE NORMAL
c......

PHI=(90.-A0X)/57.2957795

AQI=AO0I/57.2957795

IP (NE.LT.LAL) GO TO 8

Ceescas

c IP THE L-ALPHA LINZ IS TO BE TESTED, BEAD L=DATA
Cesvoe
8BAD (5,5) ({XL1(J),Jd=1,NE), (XL2(J),Jd=1,KE), (XL3(J),
1J=1,NB) , (XLA (J) ,J=1,NE) , (XLM (J) ,d=1,NE), (CL1(J),d=1,4E),
2{cL2(J) ,J=1,8E) , (CLY (J) ,J=1,NE) , (WL (J) ,J=1,NE),

74
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PRIGRAM XRAYS 73/74 0PT=0 TRACE FTN 4.6+428

3{GL{J),J=1,NE)
Caveos
60 Ceavees
c PRELIMINARY CALCULATIONS TO DETERAINE THE ABSORPTLON
C EDGE JUMP RATIOS, ATOMIC PERCENTS, MATRIX DENSITY
c AND EMISSION COEFFICLENTS.
Ceeons
65 8 DO 160 LI=1,NR
READ (5,7) (C(J),J=1,NE)
DENS=0.
SIGMA=0.
DO 10 I=1,NE
70 DENS=DENS +C (I) *RHO ({I)
10 SIGHA=SIGHMA+C(I) /A% (I)
Do 11 I=1,NE
ATPER (I) = (C(I) /AW (I)) /SIGHA
RK (I) = (CK (I) /CKL(I)) *XK (I) *# (NK (I) =NKL (I})
75 LK (I) =¥ (T) * (1. =1. /BK (I))
IF (I.GE.LAI) RL(I)=CKL (I)/CLM(I)
11 CONTINUE
C..Il‘
c PRINT DATA
80 Ceceee
WRITE (6,3) NPP, (ELEN(J),J=1,NE)
WRITE (6,8) (C(J),J=1,NE)
WRITE (6,149) (RHO(J),J=1,HE)
WRITE (6,150) (CK(J),J=1,NE)
85 WRITE (6,151) (CKL (J),J=1,NE)
WRITE (6,152) (NK{J),J=1,NE)
ARITE (6,153) {(NKL(J),J=1,NE)
WRITE (6,100) (ATPER{J),J=1,NE)
WRITE (6,180) (AW (J),Jd=1,HE)
90 WRITE (6,142) (XK(J),J=1,NE)
WRITE (6, 143) (XKA(J),J=1,NE)
WRITE (6,744) (RK(J),J=1,HE)
WRITE (6,147) (W (J),J=1,KE)
IF (NE.LT.LAI) GO TO 48
95 WRITE (6,131) (XL3(J),J=1,NE)
WRITE (6,132) {XLA(J),J=1,NB)
WRITE (6,133) (BL(J),J=1,NE)
WRITE (6,1384) (WL(J),Jd=1,NE)
48 WRITE (6,91) VOLT,GZO
100 4RITE (6,120) DENS
CALL BANSET (112869)
[
c INITIALIZE COUNTERS
Cooane
105 HAX=0
DO 12 ¥=1,NE
KA (§) =0
KA1 (N)=0.
KA2 (N) =0
110 K1 (N) =0
K2 (N) =0
K1A (N) =0
K2A (N) =0
KEP {N) =0.
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115 KIP (N) =0.
PI(N)=0.
SI(N)=0.
RI (N)=0.
D0 12 L=1,NE
120 B1(N,L)=0.
KAA (N,L) =0
K1AJ (N, L) =0
K2AJ (N, L) =0
12 CONTINGE

125 Cacaee
c
[+ START THE MONTE CARLO ANALYSIS
c
C GENERATE BANDOM NUMBER AND CALCULATE RANDOM WAVELENGTH
130 Ceeene
Kp=0

DO 25 LL=1,NPP
RN=RANP (0.)

Ceenne

135 c THE RANDOM WAVELENGTH IS GIVEN BY A POLYNOMIAL
c OF THE FOBRM,
c BAWAVE= A + B*RN + CH*RN*%2 + D*RN**] +,..
Ceanne
RAWAVE=0.
140 DO 13 I=1,IO0R
II=I-1

IF (I.EQ.1) RA4AVE=RAWAVE+RC (I)
IF (I.NE.1) BAWAVE=RAWAVE+RC (I) *RN**IT
13 CONTINUE
145 DO 41 J=1,NE
IF (RAWAVE.LE.XK(J).AND.C(J).NE.O.) K1(J)=K1({J)+1
41 CONTINUE
Cenaes
c AUXILIARY COMPUTATIONS
150 Cecene
KP=KP+1
D=1
- M=0 ..
NA=0
155 K=0
DO 42 I=1,10
42 ¥ (I)=0.
14 XMAC=0.
XLAC=0.
160 v=0.024264/RAWAVE
TA=1. 2%y
Q=RAWAVE#*3,
Cecene
c DETERMINE MASS ABSORPTION AND SCATTERING COEFPICILENTS
165 Cacosee
DO 27 J=1,NE
IF (RAWAVE.LE.XK(J)) BMAC({J)=CK (J) *RAWAVE*=LK (J)
IF (BAWAVE.GT.XK(J)} EMAC{J)=CKL(J) *RAWAVE**NKL (J)
PAC (J) =0.
170 PSCAT (J) =0.
XMAC=XMAC+ENAC (J) *C (J}
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27 XLAC=XLAC+EMAC (J) *C (J) *RHO (J)

Cevnce

c CALCULATE THE CORRESPONDING PROBABILITIES OF
175 [ ABSORKPTION AND SCATTERING
c

DG 15 J=1,NE

EMSC (J) = (0.4005/TA) *Z (J) /AW (J)

PAC (J) =ENAC (J) *C {J) *RHO (J) /XLAC
180 15 PSCAT (J) =C (J) *ENSC (J) /X4AC

PCSCAT=B/TA

c

Cecesa

c DETERMINE THE RANDOM DISTANCE TRAVELLED WITHOUT
185 [ COLLISION AND THE PENETBATION

Cecnose
9 K=K+1

23 BN=RANF {0.)

IF (BN.EQ.0.) GO TO 23
190 PP==ALOG (RN) /XLAC

IF (FP.EQ.0..AND.D.EQ.1) GO TO 24
IF (FP.EQ.0..AND.D.EQ.2) GO TO 18

24 IP (D.EQ.1) Y(K)=FP%COS (PHI)
IF (D.NE.1) Y(K)=Y (K=1)+FP*COSA

195 IF (Y(K).LT.0) GO TO 46
Cecons
c GENERATE RANDOM PROBABILITY OF COLLISION AND
c DETERMINE THE ATOM THAT WILL COLLIDE WITH THE PHOTON
Cecasne
200 COLPRO=RANF (0.)
NEP1=NE+1

DO 44 I=1,NEP1
44 SuM(I)=0.
po 16 J=1,NE
205 4 SUM (J+1) =SUM (J) +PAC (J)
IF (COLPRO.GT.SUM(J) «AND.COLPRO.LE.SUit(J+1)) GO TO 17
16 CONTINUE
Ceccca
c X REPRESENTS THE COLLIDING ATOH
210 Cecace
17 X=J
IF (D.EQ.1) B=1,
IF (D.EQ.2) E=2.

Cecves

215 c GENERATE RANDOM PROBABLLITY OF SCATTERING AND
c DETERMINE IF PHOTON WILL 3E ABSOBBED OR SCATTERED
Cossvee
COLTYP=RANF (0.)
IP (COLTYP.GT.PSCAT(X})) GO TO 18
220 Ceevna
c PHOTON WAS SCATTERED.
c DETERMINZ THE RANDOM ANGLE OF SCATTERING AND
c THE TYPE OF SCATTERING
Covens :
225 c COMPTON SCATTERING.....SE REPRESENTS SCATTERING ELEMENT
Caeese
SE=X

D=3
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SCATTP=RANF (0.)

IF (SCATTP.GT.PCSCAT) GO TO 19
RN=RANF (0.)

S§=V/(1.+0.5625%V)

AC=V/ (1. #S*RN+ (2. ~5) *RN**3)
BAWAVE=0.024264/AC
COSA=1.+(1./V) - {1./AC)

IP (RAWAVE.GT.ENX) GO TO 25

Go TO 14

ELASTIC SCATTERING

BN=BANP (0.)

COSA=1.=2. *RN

GO TO 9

PHOTON WAS ABSORBED.

GENERATE RANDOM PROBABILITY OF EMISSION AND
DETERMINE TYPE OF EMISSION...K OR AUGER

IP (D.EQ.1) K1A(X)=KIA(X)+1
IP (D.EQ.2) K2A {X) =K2A(X)+1

DETERMINE PRIMARY AND SECONDARY ABSORTION EFFECTS

DO 29 I=1,HE

IF (RAWAVE.EQ.XKA(I) «AND.D.EQ.2) KAA(I,X)=KAA(I,X)+1

IF (BAWAVE.LE.XK(I).ANDeD.EQe1.ANDLC(I) +NE.0O4}
K1AJ(I,X) =K1AJ (I,X) +1

IP (BAWAVE.LE.XK({I) «ANDeD.EQe3.AND.E.EQ.1.AND.C(I) «NE.O)
KT1AJ(L,X) =K1AJ (X, %) +1

IP (RAWAVE.LE.XK(I).ANDeD.EQu«2.AND.C(I).NE.O.)

K2AJ (I,X)=K2AJ (I, X) +I

IF (RAWAVE.LE.XK(I) .AND.D.EQ.3.AND.E.EQ.2. AND.C(I) .NE.O)
RK2AJ (I, X)=K2Ad (I,X) +1

CONTINUE

TEST IF PHOTON WILL EXCITE THE K-SERIES
IP (RAWAVE.GT.XK(X) «AND.X.LT.LAI) GO TO 25

DETERMINE TYPE OF ENISSION.....K OR AUGER

PROKE=RANF (0.)
IP (PROKE.GT.XKW(X)) GO T0 25

GENERATE RANDOM PROBABILITY OF EMISSION AND
DETERMINE TYPE OF EMISSION.. K-ALPHA OR K-BETA

PROKA=RANF (0.)

IF (PROKA.GT.GK) GO TO 35
RAHAVE=XKA (X)

KA (X) =KA {X) +1

IP (D.EQ.1) KA1(X)=KA1(X)*1
IF. (D.EQ.2) KA2 (X)=KA2(X)+1
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IF (D.EQ.3.AND.E.EQ.T) KA1 (X)=KA1(X)+1
IFP (D.EQ.3.AND.E.EQ.2) KA2(X)=KA2(X)+1
GO TO 80
35 RAWAVE=XKB (X)
290 80 RN=BANF (0.)
COSA=1.-2. *RN
DO 28 L=1,NE
IF (BAWAVE.LE.XK(L) «AND.C(L).HE.0.) K2(L)=K2(L)+1
28 CONTINUE

295 D=2
Ceceas
C ¥ REPRESENTS THE ENHANCING ELEMENT
[«
=X
300 Ceceee
[of TEST IF NEW WAVELENGTH IS SMALLER THAN THE
C MAXIMUN K-ABSORPTION EDGE
Ceecae . >
271 IP (RAWAVE.LE.EMX) GO TO 14
305 GO TO 25
Ceveoas
[ TOTAL NUMBER PHOTONS EMERGING FROM SAMPLE
Cecocen
46 DO 49 J=1,NB
310 49 IF (RAWAVE.EQ.XKA(J)) KEP(J)=KEP(J)*+1
Caceses
c END OF PHOTON TRAJECTORY
[+ GO BACK AND GENERATE A NEW PHOTON
Ceseee
315 25 CONTINUE
Cevens
C PRINT RESULTS

Cevoee
4RITE (6,50) .
320 WRITE (6,66) (ELEN(J) ,J=1,NE)
WRITE (6,51) (K1(J),J=1,NE)
WRITE (6,64)
WaITE (6,66) (ELEM(J),J=1,NE)
WRITE (6,65) (K1A(J),d=1,NE)
325 WRITE (6,54)
po 60 J=1,8Z
60 WRITE (6,55) BLEY(J), (K1AJ(J,I) ,I=1,NE)
WRITE (6,66) (ELEM(J) ,J=1,NE)
WRITE (6,67)
330 WRITE (6,66) (ELBH (J),J=1,NE)
WRITE (6,68) (K2{J),J=1,NE)
WRITE (6,74)
WRITE (6,66) (ELEM(J),J=1,NE)
WRITE (6,75) (K2A(J),J=1,NE)
335 WRITE (6,52)
WRITE (6,66) (ELEM(J) ,J=1,NE)
WRITE (6,53) (KA(J).J=1,NE)
WRITE (6,56)
WRITE (6,56) (ELEM(J),J=1,NE)
340 DO 61 J=1,NZ
61 WRITE (6,57) ELEM(J), (KAA(J,I),I=1,NE)
WRITE (6,66) (BLEH(J),J=1,4E)
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WRITE
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(6,179)

(6,66) (ELEM(J),Jd=1,NE)
(6,172) (KA1(J),J=1,HE)
(6,82)

(6,66) (ELEM(J),J=1,NE)
(6,83) (KA2(J),d=1,NB)

INE RELATIVE INTENSITIES

DO 30 J=1,NE
IF (C(J).EQ.1.) TI(J)=KEP(J)

IF (C¢(
IP (TIX
PI(J)=
SI(J)=
RI(J)=

J) .EQ.0) GO TO 30

(J) «EQ.0) TI (J)=KA (J)

(KA1 (J) /KA (J) ) *KEP (J) /TI (J)
(KA2 (J) /KA (J) ) *REP (J) /TI (J)
BI(J) +SI (J)

30 CONTINOE

Ceeone
c

Coeeass

WRITE
WRITE
WRITE
WRITE
WRITE
WRITE
WRITE
WRITE

(6,145)
(6,66) (ELEM(J),J=1,NE)
{6,146} (KEP (J) ,J=1,NE)
(6,173) KP

(6,66) (ELEM(J),J=1,NE)
(6,174) (PI(J),J=1,NE)
{6,175) (SI(J),d=1,KE)
(6,178) (RI(J),J=1,NE)

GO BACK AND READ A NEW SET OF CONCENTRATIOS

160 CONTINOE

Ceonve

Cc

Cecnee
1
2

1 ON *=I6*

INPUT

FORMAT
FORMAT

AND OUTPUT FPORMATS

(413, 16)
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(313/3F7.3/3F6.3/3P7.4/3PT.4/3F7.4/3F7.4/3A2/
13F8.3/3F8.3/3F4.2/3F442/3F5.1)
3 PORMAT (1H1,35X*X-RAYS FLUORESCENCE ANALYSIS BASED

4 FORMAT (SX*CONCENTRATION (W/0)*,8(5XP8.5)//)
5 PORMAT (5P7.4/5F7.4/5F7.4/5P7.4/5F7.4/5F8.3/5F8.3/
15F843/5F7.4/5F5.3) :

6

7
50
51
52
53
54

55 PORMAT (SX*K1TAJ (*A2%,I)*2XF10.0,7 (5XF10.0)/)
56 FORMAT (//35X*K-ALPHA PHOTONS EMITTED BY 'J AND

FORMAT
FORMAT
FORUAT
FORMAT
PORMAT
PORMAT
PORMAT

(5%,12,1%,A2,4XF12.8,7 (3XF12.8) /)
(8F6. 4)

PHOTONS*///5X*ELEHENT*20XA2,7 (11XA2) //)

(//35X*PRIMARY PHOTONS THAT COULD EXCITE J*/)

(SX*K1(J) *8(5XF10.0)//)

(35X*K-ALPHA PHOTONS EMITTED BY ELEMENT J%/)

(5X*KA (J) =*8(5XF10.0)//)

(35X*PRIMARY PHOTONS THAT COULD EXCITE J
1 ABSORBED BY 1*/)

1 ABSORBED BY I*/)

57
64
65
66
67
68

FORMAT
FORMAT
FORMAT
FORMAT
PORMAT
PORMAT

(SX*KAA (*A2%,J) *3XF10.0,7 (SXF10.0) /)
(35X*PRIMARY PHOTONS ABSORBED BY J*/)
(SX*K1A (J) *8(5XF10.0)//)
(/SX*ELEMENT*11%XA2,7 (13XA2) //)

{35X*SECONDARY PHOTONS THAT COULD EXCITE J%)

(5X*K2(J) *3(S5XF10.0)//)
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400 69 PORMAT (35X*SECONDAHY PHOTONS THAT COULD BXCITE J
1 ABSORBED BY I*/) :
71 PORHMAT (S5X*K2AJ (*A2#*,I) *2XF10.0,7 (5XF10.0) /)
74 FPORMAT (//35X*SECONDARY PHOTONS ABSORBED BY J%/)
75 PORHMAT (5X*K2A({J) *8(5XF10.0)//)
405 82 FORMAT (35X*K-ALPHA ENISSION DUL TO SECONDARY PHOTONS*/)
83 FORMAT (S5X*KA2(J) *B(5XF10.0)//)
90 PORMAT (A10,A7) :
91 PORMAT (S5X*APPLIED VOLTAGE #A10,10X*INSTRUMENT GEOMETRY *
1A7/7)
410 100 PORMAT (SX*®ATOMIC PERCENT*5X,8 (5XF8.5)//)
120 POBMAT (S5X*MATRIX DENSITY = *F8.4////)
131 PORMAT (SX*L-ABSORPTION EDGE*2X,8(5%XF8.5)//)
132 PORMAT (5X*L-ALPHA*12X,8(5XP8.5)//)
133 PORMAT (5X*L-ABSN JUMP RATIO#*2X,8 (S5KF8.5)//)
415 134 FORMAT (5X*L~FLUORESCENT YIELD*8(5XP8.5)//)
142 PORMAT (5X*K-ABSORPTION EDGE*2X,8(5XF8.5)//)
143 PORMAT (5X*K~ALPHA*12X,8 (5XF8.5)//)
144 POBMAT (SX*K-ABSN EDGE JUMP RATIO*2XF8.4,7 (SXFB8.4) //)
“145 PORMAT (35X®*K-ALPHA PHOTONS NOT ABSORBED*//)
420 146 FORMAT (5X*KEP(J) *8 (5XF10.0)/)
147 PORMAT (5X*K-FLUORESCENT YIELD*,8(S5XF8.5)//)
149 PORMAT (SX*DENSITY*17XF8.4,7(S5KF8.4)//)
150 POBMAT (5X*MASS ABSN COEBF CONST K*2XP8.3,7 (5XF8.3)//)
151 PORMAT (5X*MASS ABSN COEF CONST L*2XF8.3,7 (5XF8.3)//)
425 152 PORMAT (5X*1MASS ABSN COBF EXPNT K*2XP8.3,7 (5XP8.3)//)
153 PORMAT (S5X*MASS ABSN COEF EXPNT L*2XF8.3,7 (SXF8.3)//)
154 PORMAT (35X*K-ALPHA EMISSION DUE TO TERTIARY PHOTONS*//)
155 PORMAT (SX*KTP (J) *8(5XF10.0)//)
170 FORMAT (I3,8FP10.5)
430 172 FPORMAT (5X*XA1(J) *8(5XF10.0)//)
173 FORNAT (//35X*PREDICTED RELATIVE INTENSITIES*10X*
1BASED ON #*I6* PHOTONS*//)
174 PORMAT (SX*PRIMARY #*3XF10.6,7(5XF10.6)/)
175 FORMAT (SX*SECONDARY*3XF10.6,7 (5XF10.6)/)
435 177 PORMAT (SX*TERTIARY *3XF10.6,7 (5XF10.6) /)
178 PORMAT (//SX*TOTAL *3XF10.6,7 (5XF10.6) /)
179 FORMAT (//35X%*K-ALPHA EMISSION DUE TO PRIMARY PHOTONS#/)
180 PORMAT (S5X*ATOMIC WEIGHT *8 (5XFB.4) //)
181 PORMAT (10F7.0)
440 182 FORMAT (7P10.6)
183 FORMAT (2F5.3,P5.1,F7.3)
210 FORHMAT (//3SX*RELATIVE INTENSITY = KA (J) /KA (J) 100%/)
STOP
END
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PROGRAY XRAYSA (INPUT,QUTPUT,TAPE S=INPUT,TAPE 6=0UTPUT)
Ceee..THIS PROGRAM USES NULTIPLE REGRESSINN ANALYSIS TO
CeeeesOBTAIN X-RAYS PLUORESCENCE INFLUENCE COEFFICIENTS
CeceasAND THEN USES THE GAUSS~-JORDAN ELIMINATION METHOD
Ceu...TO OBTAIN THE CONCENTRATIONS (4/0), OF A SERIES OF
Cese.«OF ELEMENTS IN DIFFERENTS SAMPLES.

DIMENSION C(20,20) ,A(20,20) ,ELEN(20),D (20,20} ,R4(20,20),

1SR (5) ,B (20) ,P(20) ,R (20) ,CI (20,20) ,CX (20,20),S (20) , ¥n(20),
2F (20,20) ,¥Y (20) ,DATA(20,20) ,STDI(20),HX(20) ,G (20,20)

READ (5,100) M,N,LS,KSW,CODE

READ (5,101) (ELEM(J),J=1,M)

NC=H+1

IP (LS.EQ.1) GO TO 12

XD=N-H

DO 3 I=1,N

3 READ (5,102) (BH(I,J),Jd=1,K)

DO 4 I=1,%

4 BEAD (5,102) (C(L,Jd),Jd=1,H)

DO 50 L=1,M :

DO 2 K=1,N

Y4 (K) =C (K, L)

D0 2 I=1,H

G(K,I)=C(K,I)*RN(K,L)

2 COMTINUE
c....‘

CALL 4BA(G,¥.4,20,¥M,XD,0,58,8,P,8,CI,C%,20,S)
Cenees

D2 6 I=1,M

6 A{L,I)=B(I)
S0 CONTINUE

WRITE (6,200) CODE

WRITE (6,201) (ELEM(J),Jd=1,4)

Do 7 I=1,H

7 WAITE (6,202) I,ELEM(I) ,(A(I,J),d=1,8)

IP (KSW.EQ.2) STOP

G2 TO 15
Coeenn
Ceee+.PROGRAM TO DETERMINE CONCENTRATIONS
Coveve

12 READ (5,110) ((A(Z,J) ,J=1,8) ,I=1,H)
15 READ (5,100) NS
IP (LS.NE.1) WRITE (6,203) CODE
IP (LS.EQ.1) WRITE (6,206) CODE
WRITE (6,207)
WRITE (6,204) (ELEM(J),Jd=1,M)
D0 20 KS=1,NS
READ (5,102) (RX{I),I=1,H)
D) 8 J=1,4
DO B K=1,M4
IP (K.EQ.J) PF(K,K)=A(%,K) *RX(K) =1.
IP (K.NE.J) P(2,K)=A(J,K)*RX (J)
8 CONTINUE

D2 14 J=1,NC
14 D(1,J)=1.

D3 16 J=2,NC
16 D (J,NC)=0.

DO 13 J=1,u
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I=J+1
DO 13 K=1,M

13 D(I,K)=F(J,K)
Caeene
Cees s« START GAUSS~JIRDAN ELIMINATION PROCESS
c.'l..
DO 11 R=1,M
KP1=K+1
D0 9 J=KP1,NC
9 D(X,J)=D{K,J) /D (K,K)
D(K,K) =1.
DO 11 I=1,H
IP (I.EQ.K.OR.D(I,K).EQ.C.) GO TO 11
DO 10 J=KP1,NC
10 D(I,J)=D(I,J}=D(L,K)*D(K,J)
D({I,K)=0.
11 CONTINUE
WRITE (6,205) KS, (D (J,NC),d=1,H)
29 CONTINUE
Cenane
Ce..+.END OF THE GAUSS-JORDAN PROCESS
Cevene
DO 40 J=1,8S
40 READ (5,102) (DATA (J,K) ,K=1,H)
WRITE (6,300)
WRITE (6,204) (BLEM(J),J=1,H)
Do 51 J=1,NS
51 WRITE (6,205) J,(DATA(J,K) ,K=1,1)
C..-.I
CeeecssINPUT AND OUTPUT PORMATS
Ceeane
52 FORMAT (BP6.4)
100 PORMAT (413,A3)
101 PORMAT (BA2)
132 PORNAT (8P6.4)
110 PORHMAT (8P10.8)
200 PQRMAT (1H1,35X*INPLUENCE COEFPICIENTS A(I,J) BASED
108 *A3% DATA®//)
201 POBMAT (SX=ELEMENT*11XA2,7 (13XA2)/)
202 PORMAT (5X,I2, 1X,A2,4XFP12.7,7(3XF12.7)/)
203 PFIRUAT (////73I5SX*CONCENTRATIONS BY X-RBAYS FLUORESCENCE
1BASED ON *A3* DATA%//)
204 PORMAT (SX*SAMPLE NUMBER*16XA2,7(11XA2),//)
205 PORMAT (/9X,I3,13%,8(5XP8.6)/)
206 FPORMAT (1H1,35X*CONCENTRATIUNS BY K-RAYS PLUORESCENCE
1ANALYSIS BASED ON*A3* DATA®//)
207 PORMAT (36X*ELEMENT CONCENTRETION (4/0)%//)
300 PORMAT {////35K*TRUE CONCENTRATIONS*//)
STOP
END
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SUBROUTINE MRA (X,M,N,MAXH,Y,D,K,SSE,B,P,B,AINV,C,HAXN,S)
C MULTIPLE BEGRESSION ANALYSIS
DIMENSION X(1),¥(1),B(1),P(1),RB{1).C(1),S(1),S5R(S5)
DINENSION AINV (1)
MATRIX OPCODES., 20=MULTIPLY, 23=TRANSPOSE MULTIPLY,
10=INVERSE ,
%=X TRANSPOSE *Y, A INVERSE=(X TBANSPOSE *X) INVERSE
SQaTF(X) = SQRT (X)
CALL MATRIX (23,M,H8,1,X,4AXH,Y,H,P,N)
IP (K). 2,1,2
1 CALL MATRIX (2,M,N,0,X,MAXH,AINV,0,0,0)
CALL MATRIX (5,N,G,0,ALNV,0,AINV,MAXN,0,0)
CALL MATRIX (10,N,H,9,AINV,MAXN,B,0,0,0)
IP(B(1)) 2,3,2
M=0

anon

GO TO 45 '
ESTIHATED COEFFICIENTS B=A INVERSE %2, PREDICTED
VALOES P=X*B
2 CALL MATRIX (20,N,N,1,AINV,NAXN,2,N,B,N)
CALL MATRIX (20,4,%,1,X,HAXN,B,N,P,H8)

an

C SSR(1)= SUM OPF SQUARES OF RESIDUALS
C 5SR(2)= SUM OF SQUARES OF THE (Y(I)-HEAN)
C SSR(3)= ESTIMATE OF ERROR VARIANCE
C SSR(4)= SQUARED MULTIPLE CORRELATION COEFFICIENT
C SSR(S)= HMOLTIPLE CORRELATION COEFFICIENT
C RESIDUALS R=Y-X*B
SSB(1) = 0.0
sS(1) = 0.0
DO 60 I=1,M4

S(1) = S(1) + Y(I)
R{I) =Y (I)=-P(I)
60 SSR(1) = SSR(1) + BR(I) % R(I)
S(1) = S(1) / H
SSR(3) = SSR(1) /D
SSE (2) =0.
po 70 I=1,M
C{1) = Y(I) - SN
70 SSE(2) = SSR(2) *+ C(1) * C(V)
SSR(4) = (SSR(2) = SSB(1)) / SSR(2)
SSR(5) = SQRTF (SSR (4))
JK= (H=1)*% MAXN +1
D3 30 J=1,JIK,HAXN
JKK= J #N =1
C VARIANCE-COVARIANCE MATRIX, C
DO 30 I=J,JKK
30  C(I)= AINV(I)*SSE(3)
C ESTIMATES OF STANDARD ERRORS OF REGRESSION COBPPICIENTS
DO 40 L=1,N
I= (L-1)* MAXN +L
40  S(L) =SQRTP (C(I))
45  RETURN
END
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