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1. Introduction

The technique known in our days as electron probe microanalysis
(EPMA) was developed by Raymond Castaing in the middle of the last
century [1,2]. This non-destructive technique for chemical characteriza-
tion is based on the analysis of the X-ray spectrum emitted when a sam-
ple is irradiated by an electron beam. In its original version, a wavelength
dispersive spectrometer (WDS) was used for the detection of X-rays. An
important change was introduced in 1968 with the Si(Li) X-ray detectors
[3], which gave rise to the energy dispersive spectrometers (EDS). They
are faster, more stable and more efficient than the crystal spectrometer,
although an important loss in resolution has to be paid.

To obtain the mass concentrations Cj, conventional EPMA involves
the use of standards. In this case, the intensity P;4 of the characteristic
line q emitted by each element j of an unknown sample is compared
with the corresponding intensity P4, emitted from a standard with
concentrations Gjp.

0 7.0

Thus, to obtain the unknown concentrations, the intensity ratios
kj = P;4/P;q0 must be corrected by matrix effects, denoted as ZAF cor-
rection factors, i.e., effects related to all the elements present in the
sample and in the standard. Thus, production (Z), absorption (A) and
enhancement of the characteristic radiation (F) must be taken into ac-
count. Two groups of methods have been extensively used to carry
out these corrections: the models based on the ZAF factors and the
ones which use the ionization distribution function ¢(pz) [4,5]. Accord-
ing to the last formulation,

[ etome™ < dpe

/ K2 (pz)e M P dpz

ZA

where ptis the mass absorption coefficient for the analyzed energy and i
is the take-off angle formed between the direction of the X-rays in their
way to the detector and the sample surface. The subindex O refers to the
standard.

These models have been proposed for different types of samples,
leading to a progressive improvement in EPMA precision. The relative
uncertainties are about 5% for major and minor elements, i.e., with con-
centrations greater than 10% and between 1 and 10%, respectively, and
somewhat greater for trace elements (concentrations lower than 1%)
[6]. Mineral samples constitute a special case for which, provided the
adequate standards are available, the relative errors of the elemental
concentrations are lower than 2% in most of the typical situations [7].

The main inconvenience of the methods described is that they re-
quire the measurement of a proper set of standards, which must be suit-
able for the particular sample studied. This requirement comprises two
obvious conditions: first, an adequate set of standards must be available,
and second, whole spectra or at least, some values at specific energies,
must be measured for each standard to determine the net characteristic
peak intensities. Usually, the unknown and standards must be mea-
sured in the same conditions, which imply that all measurements

should be performed close in time. Otherwise, changes in detector effi-
ciency and filament emission rate, among other possible parameters,
could become significant sources of error. On the other hand, an impor-
tant advantage related to the use of standards is that several atomic and
experimental parameters cancel out in the k ratio, which reduces the
uncertainty of the concentrations obtained.

According to Gauvin [8] and to our own experience, despite its good
precision, quantitative X-ray microanalysis with standards is not used
by most of the microscopists who acquire EDS spectra in electron micro-
scopes. In fact, most of the samples of interest are not perfectly homoge-
neous and flat, as required by the current models. In addition, a proper
set of standards is not always available. For these reasons, a compromise
must be done between an ideal accurate quantification with standards,
and a standardless method actually applicable to the particular situa-
tion. To optimize this compromise, a great effort has been done to im-
prove [9-15] and develop [6,16-24] standardless algorithms in the
last thirty years. Summarizing the advantages of standardless analysis,
the main and obvious one is that they are not constrained to the samples
for which a proper set of standards is available, besides, they are less
time-consuming and some of the methods can be used for irregular
samples.

The main disadvantage of the standardless methods of analysis in
EPMA, as compared to the conventional ones, is that several fundamen-
tal and instrumental parameters must be known to obtain results with
reasonable precision, particularly for the methods based on first princi-
ples (see below). Thus, the physics underlying generation, propagation
and detection of X-rays must be properly known. Therefore, adequate
descriptions of characteristic radiation, bremsstrahlung, and detection
artifacts are required.

2. Advances in the description of generation, attenuation and
detection of X-rays

The improvement of the accuracy and precision of standardless
quantification methods in EPMA is related to the advances performed
to improve the description of generation, propagation and detection of
X-rays. In addition, the development of silicon drift X-ray detectors con-
tributed to the quality of both conventional and standardless EPMA
analysis. The main achievements in those fields are shortly described
in this section.

2.1. X-ray generation

2.1.1. Bremsstrahlung

In the last two decades, several advances were produced in the
description of the continuous X-ray spectrum generated by 1-40 keV
electrons. Three different kinds of approaches have been faced to study
the bremsstrahlung behavior as a function of the atomic number and
the incident energy: theoretical calculations, Monte Carlo simulations
and empirical fitting. Theoretical models are based in the assessment of
a numerical integration involving the bremsstrahlung differential cross
section [25,26] as a function of the photon energy. In this sense, Ambrose
et al. [27] developed a model for the thick target bremsstrahlung that
was later applied by Semaan and Quarles [28] to describe the continuum
spectrum obtained with a scanning electron microscope. On the other
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hand, bremsstrahlung spectra induced by keV electron impact have also
been obtained from Monte Carlo simulations [29,30]. Finally, a number of
empirical expressions, mainly for normal incidence, have been suggested
to give an analytical description of the bremsstrahlung spectrum in
EPMA [31-33]. A more detailed description of this subject is given else-
where [34].

2.1.2. Characteristic X-rays

The generation of X-ray characteristic peaks involves different ioni-
zation and relaxation processes which have been extensively investigat-
ed. Particularly, magnitudes like ionization cross sections, fluorescence
yields, relative transition probabilities, as well as the description of sat-
ellite lines are continuously studied.

In the case of K shell ionization cross section by electron impact, a
number of recent results are available. Particularly, several theoretical
approaches were developed; some of them are based on the binary-
encounter Bethe (BEB) model [35], other ones, on the partial wave first
Born approximation (PWBA) [36-39], and other ones, on the distorted
wave first Born approximation (DWBA) [38,40,41]. In addition, semi-
empirical expressions [42-44] and experimental data [45-49] were ob-
tained during the last years.

L shell ionization cross sections are more difficult to obtain, particu-
larly experimental data, because fluorescence yields and Coster-Kronig
transition rates are poorly known; nevertheless, some analytical expres-
sions [12,38] and theoretical approaches [40,50-52] were recently
developed; in addition, a number of experimental determinations of
X-ray production and ionization cross sections [53-59] were carried
out, as reviewed by Llovet et al. [60].

Regarding M lines, few experimental data are available for ionization
cross sections [61-64]. On the other hand, some of the theoretical
formalisms developed for K and L shells are also valid for M shells
[38,50,51].

Relative transition probabilities are also required to perform stan-
dardless quantification, especially when L and M lines are involved.
For L decay rates of elements with 30 < Z < 92, Puri [65] computed
X-ray line intensities relative to the most intense line in each subshell
from published X-ray emission rates based on the Dirac-Fock model.
On the other hand, several experimental determinations were carried
out, although for certain specific elements or transitions [66-72].

Regarding M shell relative transition probabilities, theoretical calcu-
lations were performed by Chen and Crasemann for elements in the
range 48 < Z < 92 [73] and by Puri for elements with 65 < Z < 92
[65]. Experimental determinations are very scarce [74] and cannot be
used to construct a database for standardless quantification.

Fluorescence yield coefficients » and Coster-Kronig transition prob-
abilities f;; are parameters particularly important for standardless
methods when L or M lines are used for quantification. In fact, they im-
pose a severe restriction to the reliability of quantitative results, because
large errors are associated with these magnitudes. Uncertainties up to
35% can be expected for w;; [75] and 5% for ®;, and w3 [76], while er-
rors are around 20% for f3 and from 20% to 100% for f1,, depending on
the atomic number [75]. For f,3 the errors can reach 25% [76]. Even
more critical are M shell parameters, for which no reliable error estima-
tion can be performed until experimental data is available [77].

2.2. X-ray attenuation

The X-ray attenuation within the unknown sample (self-absorption)
is mainly ruled by the photoelectric cross sections in the energy range
usual for EPMA. In this sense, the level of accuracy of mass absorption co-
efficients (MACs) is important for standardless methods, although these
coefficients are not as critical as ionization cross sections, relative transi-
tion probabilities, fluorescence yields and Coster-Kronig transition rates
(in the case of L and M lines). Particularly, peak-to-background based
standardless algorithms have a lower dependence (if any) on MACs.
A comprehensive database of mass absorption coefficients was

semiempirically determined and tabulated by Henke et al. [78] and also
by Chantler from a theoretical approach [79].

2.3. X-ray detection

The efficiency curve of the spectrometer used is required to perform
standardless quantification, except for peak-to-background ratio based
standardless algorithms.

2.3.1. Energy dispersive spectrometers (EDS)

The response of these spectrometers is, in principle, easy to predict
in terms of the detector window, the contact layer and the dead layer
mass thicknesses; nevertheless these thicknesses are not always well
known, particularly regarding the dead layer. In addition, for detectors
with ultrathin windows, a supporting grid acts partially shadowing
the X-rays; thus, both the efficiency for photons passing through the
grid material, and the energy independent efficiency for photons pass-
ing through the grid holes must be properly taken into account [14]. Fi-
nally, an ice or contamination layer can also be present, and its evolution
with time should be periodically monitored.

2.3.2. Wavelength dispersive spectrometers (WDS)

The efficiency curve of a WDS is more difficult to predict, because it
depends on the quantum efficiency of the proportional counter, on geo-
metrical factors and on the reflectivity of the analyzing crystal. Different
methods were developed to determine the efficiency of a WDS: one of
them involves the measurement of characteristic line intensities of
pure elements [18], other methods are based on the comparison of an
experimental spectrum measured in a region free of characteristic
lines and the analytical prediction [80] or the Monte Carlo simulation
[81] of the corresponding bremsstrahlung. A different approach consists
in the comparison of spectra measured from the same sample, one of
them with the WDS whose efficiency curve is searched and the other
one with an EDS of known efficiency [14].

3. Standardless analysis

The magnitudes mentioned in the previous section influence the
precision of standardless quantification procedures. Realistic models
for the description of ionization cross section, for instance, those based
on DWBA, present uncertainties around 5% for K lines [24], and greater
for L and M lines. On the other hand, the spectrometer efficiency, not
required for analysis involving standards, becomes an important factor
in some standardless algorithms. For example, the uncertainties in the
efficiency of a particular silicon drift detector have been estimated to
be around 10% in the energy range between C-K and O-K lines, around
1% at the Al-Ka characteristic energy and 0.2% at Ti-Ko [49].

In the case of standardless procedures based on first principles, the
main sources of error are related to the uncertainties associated with
the measured intensities, especially for trace elements, the knowledge
of atomic parameters and the description of the detection efficiency in
the low energy region. Finally, it must be stated that some of the stan-
dardless methods normalize the concentrations to 100%, masking possi-
ble errors.

Summarizing, as stated by Newbury et al,, it is potentially dangerous
to report the concentration values obtained by a standardless method
without the corresponding uncertainties. Particularly, these uncer-
tainties should take into account not only the statistics associated with
the experimental data, but also the errors involved in the different
parameters and functions present in the method used; otherwise,
“any numerical value reported will be assumed to be absolutely true
by subsequent users of the result” [6]. Nevertheless, the precision of
standardless methods have improved noticeably during the last years
[82], as will be discussed in Section 4.

The standardless methods can be classified into five different
groups: methods involving databases or stored standards (they will be
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referred to as database methods), algorithms based on peak-to-
background ratios (P/B), methods developed on the basis of Monte
Carlo simulations (MC), microanalysis with variable take-off angle
(variable take-off), and procedures mainly consisting on the application
of fundamental equations of microanalysis (fundamental methods). The
following section will deal with these five types of standardless algo-
rithms of EPMA quantification, for which some examples available in
the literature will be discussed.

3.1. Database methods

In these methods, typically used by commercial packages, a database
of characteristic intensities is created from a set of experimental spectra,
usually mono-elemental standards measured under different excitation
conditions [6,24]. To complete the database, those intensities are math-
ematically interpolated for elements or conditions not measured. The
complete set of stored standards (experimental and interpolated) is
used to determine the k ratios. The reliability of this kind of methods
lies on the completeness of the database and leads to inaccurate results
when the interpolation is not adequate. In addition, these methods usu-
ally normalize the concentration values to 100%.

3.2. P/B methods

Algorithms based on peak-to-background calculations rely on the
assumptions that both characteristic and bremsstrahlung photons are
originated in a similar region of the sample and that bremsstrahlung is
emitted almost isotropically [19]. With these assumptions, the absorp-
tion corrections for characteristic radiation and bremsstrahlung can be
considered the same and they cancel out. These methods are inspired
on the ideas originally (and independently) suggested by Small et al.
[83] and by Statham and Pawley [84]. Nevertheless, the original ver-
sions of the P/B methods require the use of standards.

One important advantage of P/B methods is that they do not depend
on the detector efficiency, because it is exactly the same for the charac-
teristic X-rays and the bremsstrahlung photons of the same energy. In
addition, in principle, there is no need for a normalization step, as men-
tioned by Labar and Torok [17]. Thus, the sum of the calculated concen-
trations can be used as a quality criterion for the analysis or to obtain a
non-detectable element, like hydrogen. Nevertheless, the results pre-
sented by these authors are normalized to 100%, as in the case of
Trincavelli and Van Grieken algorithm [19], while Heckel and Jugelt
[16] method does not require normalization.

3.2.1. Ldbadr and Torék model

Labar and Torok [17] developed a method based on the use of K
ratios, being K = (P/B)unk/(P/B)sta the quotient between the peak-to-
background ratios for the unknown and a pure standard, for each partic-
ular characteristic line. The mass concentrations can be calculated as

Ci=K;q-ZAFR,

The subindexes j and g have the same meaning as in Eq. (1); Z, A, F,
and R. are corrections to account for the differences in the generation, ab-
sorption, secondary fluorescence and backscattering losses of characteris-
tic and bremsstrahlung radiation, although backscattering and absorption
effects are treated as second order corrections and fluorescence effects are
disregarded.

In this formalism, (P/B)sq can be calculated using some of the
models available for the prediction of characteristic peaks and brems-
strahlung; particularly, the authors recommend Pouchou and Pichoir's
equations [85] for the former along with the model proposed by Small
et al. [86] for the latter.

3.2.2. Trincavelli and Van Grieken method

The model proposed by Trincavelli and Van Grieken [19] does not
involve the calculation of peak-to-background ratios in hypothetical
standards, but a direct computation of the mass concentrations based
on the measurement of the P 's:

AQ
Pjq = Cj(ZAF)j0; pjge;q It - (2)

and the bremsstrahlung B;4 in the corresponding energy windows:

- AQ
Bjg = f(Z.Ejq.Eo)Ae It o (3)

where o is the fluorescence yield and p is relative transition probability;
Z, A, and F account for the atomic number, absorption and secondary
fluorescence matrix corrections related to the production of characteris-
tic X-rays; f describes the generation of bremsstrahlung, being a func-
tion of the mean atomic number Z of the sample, characteristic energy
E and the incidence energy Ey; € is the spectrometer intrinsic efficiency,
Iis the beam current, t is the acquisition time, and AQ is the solid angle
subtended by the detector. It must be noted that these ZAF factors are
not related to similar corrections in adequate standards, as the conven-
tional ZAF corrections. From Eqgs. (2) and (3), the mass concentrations
can be easily derived:

- f(Z,E.,.E
jq ja

The factor A does not appear in Eq. (4) because the X-ray absorption
is supposed to be similar for both characteristic and bremsstrahlung
photons of the same energy, as mentioned before.

Both standardless P/B methods discussed up to here were designed
to characterize small particles and rough samples, although they are
also appropriate for polished bulk samples.

3.2.3. Heckel and Jugelt model

Heckel and Jugelt [16] developed a standardless method for the
quantitative analysis of bulk samples. According to this formalism, the
mass concentrations can be obtained iteratively from the following
relation:

~

jq
B, Cjo;pjqVsVrVsFjq (5)

where Vs is the ratio between a generation factor for characteristic
radiation and bremsstrahlung (mainly depending on the stopping
power and the corresponding cross section), and Vk and Vyare similar
ratios for backscattering losses and self-absorption correction factors,
respectively.

Both Vi and Vrdepend on the mass concentrations, and were studied
by means of Monte Carlo simulations, leading to the conclusion that
these factors are different from 1. Particularly, Vyis expressed in terms
of the factor L, i. e., the path length of the photons within the sample
traveling to the detector, relative to their generation depth. By variation
of L, consistency between calculated and measured background is
achieved.

This model was the basis of a further development for spectra simu-
lation [87], that is to say, the reverse way from a known sample compo-
sition to the X-ray emission spectrum.

3.3. MC methods
There is certain arbitrariness in the classification of these methods,

because several algorithms use expressions based on Monte Carlo sim-
ulations at a different extent. For instance, according to Newbury et al.
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[6], in the standardless program Desktop Spectrum Analyzer (DTSA)
[88], energy losses due to backscattered electrons were accounted for
using an expression derived from Myklebust and Newbury [89], which
is based on the Monte Carlo formalism. Simulations were also used by
Horny et al. [23] to compute the net X-ray intensity of a characteristic
line of the interest element emitted from a thick specimen. Heckel and
Jugelt [16] use Monte Carlo to assess the ratio of backscatter correction
factors and the ratio of absorption correction factors, related to charac-
teristic and continuous radiation. Nevertheless, the standardless algo-
rithms referred to in the present review as MC methods are the ones
completely based on Monte Carlo simulations.

3.3.1. Reverse Monte Carlo algorithm

The approach developed by Ro et al. [21] performs a reverse Monte
Carlo simulation schedule in which successive iterations are carried out
to quantify individual particles by an energy dispersive spectrometer in
EPMA. In each iteration step, simulated characteristic X-ray intensities
are compared with those measured, generating a new set of approxi-
mate concentration values for the chemical elements in the particle.
When the simulated X-ray intensities converge to the experimental
ones, the input values of elemental concentrations used for this last sim-
ulation, normalized to 100%, determine the chemical composition of the
sample. In their method, the authors carried out a modification of the
CASINO software package for Monte Carlo simulation of electron trajec-
tories in solids [90] for the application to spherical, hemispherical and
hexahedral particles on a flat surface.

The reverse Monte Carlo approximation is used to find the solution
of the following set of nonlinear equations:

Pj.q,meas :pinspj.q,sim (Cqucz,qv ---7Cn,qv dv p)

where n is the number of chemical elements in the sample, and the sub-
indexes meas and sim refer to the measured and simulated intensities,
respectively. The factor p;,s includes instrumental parameters, p and d
represent the mass density and any characteristic dimension of the
particle.

In this algorithm it is assumed that: (i) the particle material is homo-
geneous; (ii) all of the elements in the sample are detected except H, Li,
Be, and B; (iii) the particle is placed on a flat surface of known composi-
tion; and (iv) the shape of the analyzed particle is spherical, hemispher-
ical, or hexahedral.

3.3.2. XRF-EPMA unified Monte Carlo approach

In this approach both X-ray fluorescence and electron probe analysis
are performed in the scanning electron microscope. The XRF analysis is
achieved by using a special sample holder with a thin removable molyb-
denum target placed on top of the sample. The electron beam enters
into the holder through an aperture and impinges onto the target foil
which acts as an anode. A filter is used to eliminate the electrons trans-
mitted through the Mo foil and the X-rays generated in the foil are used
to excite the sample. To acquire electron excited spectra, the foil is
removed [22].

A probabilistic Monte Carlo model based on first principles is imple-
mented, which involves X-ray and electron single scattering and subse-
quent processes occurring with sample atoms. Particularly, the inner
shell ionization cross sections are taken from Gryzinski [91], while
Kramers cross sections are used to predict the generation of continuous
X-rays.

By convolution with the detector response function (assumed to be
Gaussian), the generated X-rays are converted into a simulated spec-
trum which is subsequently scaled to experimental data. The best fit
between experimental and simulated spectra in multielement samples
is achieved by iteratively adjusting the composition.

Detection limits are improved by the use of both electron and X-ray
excited spectra. X-ray fluorescence analysis in the scanning electron mi-
croscope greatly improves the signal to background ratios of medium
and high atomic number elements whereas electron probe microanaly-
sis is more sensitive towards light elements.

3.4. Variable take-off method

The method called TWIX, developed by Vélkerer et al. [92,93] is
based on a correction model for oblique angle of incidence. The X-ray
path lengths in samples at different take-off angles are used to find
the sample composition. To this end, two spectra are measured with
the sample tilted in a suitable angle for two different azimuth angles:
one of them obtained by a horizontal rotation of 180° with respect to
the other one. The calculated ratio of X-ray intensities Ko, cOrrespond-
ing to the two mentioned configurations can be written for each charac-
teristic peak as

o

/ ©(pz

Kineo = * = —pesc—ypz
/ . e(pz)e dpz

e Heb Pz g

where s refers to the take-off angle with respect to the non tilted
(horizontal) sample holder plane and 1y is the tilt angle.

The mass concentrations implicitly present in Eq. (6) through the
ionization distribution function and the mass absorption coefficient of
the sample are iteratively obtained by minimizing the difference be-
tween ke, and the experimental ratio keyp. The novelty of this method
is that performing the ratio ke, the evaluation of a number of atomic
and instrumental parameters not well known is avoided. This method
is also used for thickness determination of thin films.

3.5. Fundamental methods

Different approaches have been implemented to face the problem of
standardless quantification in the frame of first principles. Some of these
methods determine the sample composition using the characteristic in-
tensities calculated from fundamental equations [6,18]. Another meth-
od uses a similar approach although also involves the use of data
previously stored [20]. In addition, a method involving the ratio of
the characteristic intensities of two elements present in the sample
was developed to solve the problem of current fluctuations in a
cold field emission gun scanning electron microscope (FEG-SEM)
[23]. Finally, a different approach uses the whole spectrum to obtain
the elemental concentrations in a formalism of parameter optimiza-
tion [24]. Although not intrinsically necessary for this kind of
methods, all the models described in the following subsections nor-
malize the concentration values to 100%.

3.5.1. Wernisch model

As Wernisch pointed out, quantitative analysis based on a compari-
son with standards of known composition is not always possible [18].
This author gave three common problems in performing such a compar-
ison: first, the composition of the standards at the microscopic scale is
not necessarily identical with the bulk nominal composition; second,
the wide range of standards required to cover all the possible applica-
tions is not always available; third, certain standards tend to evaporate
or oxidize very rapidly. Even when the standard manufacturer may
assure their homogeneity at microscopic scale, and avoiding unstable
materials, the second issue cannot be overcome by conventional quan-
tification routines.
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In the Wernisch model, the concentrations can be obtained iterative-
ly from the equation

P;

e P @)
" 64 (f)

where g is the spectrometer efficiency for the characteristic energy E; g,

and the function G;, depends on the whole set of concentrations c
through the sample stopping power, and through factors due to absorp-
tion and characteristic fluorescence enhancement. The backscatter
losses were omitted from the evaluation of Eq. (7). This equation can
be solved iteratively starting from initial values calculated as normal-
ized net intensities and with the condition that all the concentrations
add to one. The stopping power used is based on the model given by
Love et al. [94] and the absorption factor is taken from ref. [95].

3.5.2. DTSA package

The Desktop Spectrum Analyzer (DTSA) package developed by
C. Fiori et al. at the National Institute of Standards and Technology and
the National Institute of Health in the '80s and early '90s was developed
on the same bases as the Wernisch method, although both use different
models for the parameters and expressions involved, and in DTSA the
backscatter losses were properly taken into account. This approach
uses the stopping power proposed by Pouchou and Pichoir [96], the ab-
sorption factor developed by Heinrich and Yakowitz [97] and backscat-
ter losses taken from the work of Myklebust and Newbury [89]. In
addition, the program allows the user to choose the ionization cross sec-
tion separately for the K-, L, and M-shells from a wide variety of pub-
lished cross sections [6].

DTSA calculates the intensity emitted from a pure element hypo-
thetical sample by means of the following equation

N-0.R [E. ,
ONoPiR / R, ()

Piqpure A; £, (—dE/ds)
where Ny is Avogadro's number, R is the backscatter loss factor, A; is the
atomic weight of element j, E. is the critical ionization energy for the
shell of interest, Q; is the ionization cross section of element j, and
dE/ds is the rate of energy loss due to inelastic scattering.

A k-ratio is calculated for each constituent by dividing its experi-
mental intensity in the unknown by the corresponding theoretical stan-
dard intensity given by Eq. (8). After k-values for all the elements are
calculated, the ZAF matrix correction procedure is performed as usual.
This software package was extensively described and assessed by
Newbury et al. [6].

3.5.3. Fournier model

Even when the model proposed by Fournier et al. [20] cannot be
strictly classified as a fundamental method, it is considered in this sec-
tion because it computes intensities corresponding to standards from
calculations based on the description of radiation-matter interaction
processes, when reference peaks have not been previously acquired;
otherwise, reference values are extracted from a base of measured
data. For the calculations, the ¢(pz) model proposed by Merlet [98] is
used, along with Bethe ionization cross section [99]:

AQ N oo T
Piq = Cilt 5 ep; (1 +84) F ;2 Q;(Eo) / o(pz)e M dpz
4n A Jo

The factor (1 + gg) accounts for all the relevant Coster-Kronig con-
tributions. The fluorescence yields given by Bambynek [100] for the
K-shell and by Hubbell et al. [101] for L- and M-shells were used. In
addition, the authors suggest two different methods to determine the
WDS efficiency curve. Unfortunately, this standardless method was
tested only in two samples: andradite [20] and UO,-ZrO, [102].

3.5.4. Horny et al. method

The use of standards in EPMA quantification procedures requires
that all the experimental conditions remain the same during the
measurements of the sample and standards; nevertheless, this con-
dition is not fulfilled for cold FEG-SEMs, for which beam current
can fluctuate around 5% in its stable regime. This problem encour-
aged Horny et al. [23] to carry out an alternative to standardless
quantitative X-ray microanalysis. This method is based on the
Cliff-Lorimer [103] procedure originally proposed for the analytical
transmission electron microscope.

The problem of current fluctuation and the corrections for X-rays
generated from thick specimens are faced using the ratio of the charac-
teristic intensities of two elements in the sample. Effects not properly
taken into account in the generation, absorption and detection of
X-rays are accounted for a calibration factor that must be calculated
from characteristic intensities previously measured from a standard.
Nevertheless, the calculation of the emitted X-ray characteristic intensi-
ty of the interest elements cannot be avoided and was performed by
Monte Carlo simulations. For this purpose, the authors developed a pro-
gram using the single scattering approach of Gauvin et al. [104]. This
method was presented by the authors as a sketch of the required
steps to perform reliable standardless X-ray microanalysis.

3.5.5. Limandri et al. method

A different approach was faced recently [24], based on the ideas
developed originally by Rietveld for X-ray diffraction [105-107] and
adapted for EPMA by Bonetto et al. [108]. The method consists in mini-
mizing the y? parameter, which represents the quadratic differences
between an experimental spectrum and an analytical function proposed
to describe it, by optimization of the parameters involved in the analyt-
ical prediction:

$o (i)’
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where J; and J; are, respectively, the experimental and calculated inten-
sities corresponding to the channel i, N, is the total number of channels
and N, is the number of parameters to be refined.

This algorithm, implemented in the software POEMA (Parameter
Optimization in Electron Probe Microanalysis), allows for the determi-
nation of the elemental concentrations, along with an estimation of
their errors. To this end, uncertainties obtained by propagating counting
statistic errors through the function that describes the X-ray spectrum
[69], are added in quadrature with the uncertainties estimated for ioni-
zation cross section, fluorescence yield and detector efficiency. In this
approach, all the difficulties inherent to standardless analysis related
to instrumental and theoretical parameters are present in the analytical
prediction of the spectrum. For the description of the calculated intensi-
ties I;, the last version of POEMA includes a database for K- and L-
relative transition probabilities [109-111], for K- and L-ionization
cross sections [12], for K and K satellite lines [112,113], for K-, L-
and M-characteristic energies [114], for K- and L- fluorescence yields
[115], and for K-, L- and M-shell ionization energies [116,117]. The
model of Riveros et al. [118] was implemented for the ionization distri-
bution function while the mass absorption coefficients proposed by
Heinrich are used [119]. Bremsstrahlung is accounted for the model
given by Castellano and coworkers [120,121] and the line shape for
EDS is described according to Visfiovezky et al. [13]. A routine for pro-
cessing WDS spectra was also included, with a proper description for
the line shape [15] and detector efficiency [14]. Finally, the effects pro-
duced in a spectrum by a possible oxidation layer and by a conductive
coating film deposited on the sample were included in the program
[122].
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4. Precision and accuracy of the different methods

For a proper evaluation of the performance of a quantification meth-
od, it is necessary to assess determinations carried out with a large num-
ber of samples of known composition involving different experimental
situations. In order to test the goodness of each algorithm, histograms
obtained from the deviations 6 of the calculated concentrations C rela-
tive to the nominal values C, have been widely used [6,21,24]:

6 = (C=C,)/C, x 100

The closer the histogram maximum to zero, the better the accuracy
of the assessed method. In addition, the histogram width reveals the
precision of the algorithms, the narrowest histograms corresponding
to the most precise methods. Finally, the number of samples or experi-
mental conditions considered in each test is evidenced by the histogram
area, provided the bar width is the same.

Methods applied to the characterization of individual particles will
be treated separately from the ones applied to bulk samples, since a
better performance can be demanded to the latter.

4.1. Individual particles

Among the methods described above, the ones applied to the char-
acterization of individual particles are those developed by Labar and
Torok [17], Trincavelli and Van Grieken [19], and Ro et al. [21].

The first method was tested by using the concentrations calculated
for 9 elements in three small fragments taken from the NBS K961
glass standard, amounting to 27 elemental determinations, while the
second algorithm was evaluated with 100 determinations carried out
in four particle standards, one of them with the same composition as
K961. Finally, Ro et al. tested their method using a large number of ele-
mental determinations in particles deposited on Al and Ag substrates,
containing elements typical of environmental aerosols. The same algo-
rithm was further assessed by Choél et al. [123] with a B substrate.

In Fig. 1, histograms corresponding to these three methods are
shown. For the algorithm developed by Ro et al., only the 375 determi-
nations performed in particles on Al substrate were included (the histo-
gram corresponding to particles on Ag substrate, showed in the original
paper, exhibits a similar performance). The scale chosen includes almost
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Fig. 1. Histograms of the differences of concentrations relative to the nominal values for
standardless quantification methods applied to individual particles. White bars: Ro et al.
(Al substrate) [21], gray bars: Trincavelli and Van Grieken [19], dashed bars: Labar and
Torok [17].

all the analyses carried out: around 99% for ref. [21], 93% for ref. [19] and
89% for ref. [17].

The deviation from the nominal concentrations is less than 15% for
74% of the concentrations determined by Ro et al. [21] and by Trincavelli
and Van Grieken [19], and for 70% of the determinations performed by
Labar and To6rok [17].

It must be noted that the MC reverse method was optimized for low
atomic number elements, which is of interest in the field of environ-
mental studies. On the other hand, the calculation time ranging be-
tween 1 and 5 min required to quantify one particle reported in the
original article was dramatically improved two years later by Choél
et al. [123], who reported a simulation time of a few seconds per parti-
cle. The calculations in the other two methods are instead practically
instantaneous.

4.2. Bulk samples

Before showing some histograms of the different methods analyzed
here, a few remarks will be done about the works published by
Steinbrecher [22], Volkerer et al. [92] and Fournier et al. [20].

Steinbrecher evaluated the performance of his MC algorithm for
EPMA analysis by studying the spectra of 18 commercial alloys with
elements of atomic number between 13 and 29, under different excita-
tion energies, amounting 206 elemental quantifications. Unfortunately,
the author does report neither the nominal concentrations nor the
values obtained by him, but only histograms of the differences respect
to a reference concentration. For this reason, it was not possible to recon-
struct a histogram like the ones presented here for the other methods
considered. Nevertheless, an estimation of 0.83% for the precision of
the method was given by the author from the deviation of the concen-
trations respect to the mean value obtained considering different exci-
tation energies. Besides, an accuracy of around 3% was estimated from
the deviation of the concentrations relative to the values obtained by
two different EPMA standardless quantification methods [18,124].

According to Volkerer et al. [92], their standardless method achieves
results with a precision within the range obtained with standards. Par-
ticularly, the authors tested this approach in the determination of thin
film thickness and composition of binary samples, obtaining an average
deviation of less than 10%. Nevertheless, this method is restricted to
samples with a combination of appropriate mass absorption coeffi-
cients. In fact, for a proper application of the method, two conditions
must be fulfilled: firstly, the characteristic line of interest must suffer a
high attenuation in the other elements, and secondly, this attenuation
must be quite different from the self-attenuation.

In addition, Fournier et al. tested their method by analyzing only two
samples: andradite [20] and a UO,-ZrO, matrix in a corium sample
[102]. In the first case, the authors report the deviation of measured
and calculated intensities, which reach 9% for one of the elements con-
sidered. For the other sample instead, they give the & value, which is
below 3% except for a trace element present in a concentration of 1%.
The poor statistical significance of this evaluation does not allow a com-
parison with the other methods studied here.

The standardless methods to be compared in this work for bulk sam-
ples are the approaches implemented in the programs DTSA [6], POEMA
and GENESIS SPECTRUM® (EDAX) [125], as well as the algorithms
reported by Wernisch [18], Horny et al. [23], and Heckel and Jugelt
[16] (see Fig. 2).

The scale chosen for the abscissas includes most of the analyses car-
ried out: all the data reported in Refs. [16] and [23], around 97.5% of the
analyses for POEMA [24], 97% for GENESIS [24,125] and 84.5% for DTSA
[6]. It must be noted that the histogram reported by Wernisch in his
original paper does not detail data beyond 20%, thus, the number of
analyses performed with this algorithm lying within the scale shown
in Fig. 2 cannot be assured.

The database used by Wernisch [18] includes the greatest number of
analyses (580 determinations). The histograms corresponding to the
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Fig. 2. Histograms of the differences of concentrations relative to the nominal values for
standardless quantification methods applied to bulk samples. White and wide bars:
DTSA [6], dark gray bars: Wernisch [18], light gray bars: GENESIS [24], diagonal line
bars: POEMA [24], white and narrow bars: Horny et al. [23], horizontal line bars: Heckel
and Jugelt [16].

evaluation of the DTSA software package [6], the POEMA software and
the GENESIS commercial package [24,125] are also quite comprehen-
sive, including 238, 159 and 158 individual determinations, respective-
ly. Instead, the models developed by Horny et al. [23] and Heckel and
Jugelt [16] were tested with less data, as can be seen in Table 1.

It is important to analyze the characteristics of the set of samples
used to test each method. Besides the number of determinations, differ-
ent features must be considered. For instance, the number of trace ele-
ments, i.e., those with mass concentration lower than 1%, the number
of elements in each sample, if low Z elements are considered, if L or M
lines are used for the analysis, etc. In Table 1, the main characteristics
of the databases used to test each method are shown, along with an
estimation of their accuracy.

A deviation from the nominal concentrations less than 10% is ob-
served for 84% of the values determined with POEMA, 76% determined
with GENESIS, 75% determined by Wernisch, and only 25% determined
with DTSA. Regarding the methods with less individual determinations,
all the concentrations calculated by Horny et al., and 88% determined by
Heckel and Jugelt deviate by less than 10%. The only methods in the first
group for which trace elements are analyzed are POEMA and GENESIS
(Wernisch reports only one trace analysis in the original paper); regard-
ing the second group, Heckel and Jugelt analyzed four trace elements.

According to the results shown in Table 1, standardless methods
present errors considerably greater than the ones arising when methods

Table 1

with standards are used. Thus, the analysis carried out with standards is
preferable, whenever possible.

In this regard, Newbury [6,126,127] emphasizes the risk of using
standardless methods, due to the large uncertainties involved. This is
particularly true for the methods that force results to add up 100%, for
which the sum of calculated concentrations cannot be used as a quality
criterion for the analysis. However, due to successive efforts made to
improve the description of generation, absorption and detection of
X-rays, the performance of standardless methods has increasingly
been improved. Particularly, if traces are disregarded, a remarkable
improvement in the performance of the most recent methods can be
noticed with respect to the earlier algorithms, as can be seen in the
eighth column of Table 1, where a 6 value close to 10% is achieved for
POEMA. It must be stressed that this software allows for the estimation
of uncertainties; moreover, it can be seen that for 81% of the analyses
shown in ref. [24] the difference AC between calculated and nominal
concentrations is lower than the error o estimated, while for 96% of
the determinations AC is lower than 30. These figures suggest that the
estimation of errors performed by this method is adequate.

5. Conclusion

Several standardless algorithms for EPMA quantification were
discussed as well as their accuracy. They were classified into five differ-
ent groups: methods using databases or stored standards, those based
on peak-to-background ratios, other ones involving Monte Carlo simu-
lations, one method related to variable take-off angle, and some other
methods consisting on the application of fundamental equations of
microanalysis.

Although the methods with standards are more reliable, some of the
standardless algorithms available nowadays give results with sufficient
level of accuracy for many practical applications, even achieving a rela-
tive difference between calculated and nominal concentrations close to
10% for 95% of the analyses, when traces are excluded.

Care must be taken with results provided by standardless methods
that normalize the calculated concentration values to 100%, unless an
estimate of the errors is reported. To the best of the authors' knowledge,
only one of the standardless methods gives an adequate estimation of
the associated errors, by propagating the counting statistical errors
through the function that describes the X-ray spectrum, and adding in
quadrature the estimated uncertainties for ionization cross section,
fluorescence yield and detector efficiency.

Due to the important improvement in the accuracy and precision
achieved in the last years, standardless algorithms have become an in-
teresting alternative for the user when no suitable set of standards is
available, also for the analysis of rough samples, and even to avoid the
problem caused by large current fluctuations, e.g., for scanning electron
microscopes with cold field emission guns.

Nevertheless, to achieve an accuracy closer to the one obtained with
methods that use standards, it is necessary to improve even more

Main characteristics of the databases used to test each method and the corresponding estimator of accuracy 6. The total number of analyses and the number of trace elements are shown in
the second and third columns, respectively. The fourth column indicates if elements with Z < 9 are considered, whereas the fifth column shows the spectral lines used. In the sixth column
the average number of elements analyzed per sample is displayed. The two following columns show the & value for which 95% of the determinations are included, considering all the anal-
yses and excluding trace elements. The last column refers to the kind of spectrometer (EDS or WDS) for which the method is applicable.

Method Analyses Traces Light elements Lines Analyzed elements & for 95% of data (all) 6 for 95% of data (no traces) Spectrom.
POEMA 159 26 Yes K? 4.4 14% 11.5% EDS®
GENESIS 158 25 Yes K° 44 28% 16.5% EDS

Ref. [18] 580 1 No K L 2.7 21% 21% EDS WDS
DTSA 238 0 No K L M 3 80% 80% EDS

Ref. [23] 12 0 No K LM 2 8.5% 8.5% EDS

Ref. [16] 25 4 No K L 23 26% 4% EDS

¢ It allows the use of L lines for quantification, but they were not used in the present test.

b It allows the use of L and M lines for quantification, but they were not used in the present test.

€ It works also with WDS spectra, but they were not used in the present test.
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the description of the spectrometer efficiency, and of certain atomic pa-
rameters like ionization cross sections and fluorescence yields, especial-
ly for L and M lines.
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