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1. ABSTRACT

The use of soft X-rays for electron probe microanalysis (EPMA) has gained widespread interest
over the past decades. Because X-ray absorption is the dominant correction for soft X-rays,
a reliable set of mass attenuation coefficients is needed for accurate composition determination.
In this paper, we attempt to examine the current situation of mass attenuation coefficients for
soft X-rays in the context of EPMA.

2. INTRODUCTION

Over the past decades, electron probe microanalysis (EPMA) has moved forward with
a combination of technical developments, allowing advances in measurements of soft X-rays
(< 1 keV photon energy) [1]. Such X-rays are used for the analysis of the light elements (L1, Be,
B, C, N, O, and F), which often play a critical role in the properties of many materials. Falling
also within the soft X-ray region are the L-lines of medium atomic number (Z) elements such as
the first-row transition metals (Sc to Cu) and the M-lines of high-Z elements such as the
rare-earth elements. These X-ray lines are needed for the analysis of natural and technological
materials that are heterogeneous on a sub-micrometre scale, which require the operation of the
EPMA at low accelerating voltage [1].

Soft X-rays are produced in electron transitions involving valence electrons, which are affected
by chemical bonding. Thus, soft X-rays can reveal details of the chemical bonding state of
an atom. For example, the L-lines of transition metals, which originate from the transition from
the 3d valence level to the 2p core level, provide information on the electronic structure of many
materials [2]. However, because of that, the use of soft X-rays for elemental analysis often
results in large errors in the evaluated concentrations, since matrix corrections do not include
corrections for bonding effects (see e.g., [3-5]). One of the difficulties in using soft X-rays for
microanalysis is the lack of accurate mass attenuation coefficients (MAC) that are required to
correct for absorption effects within the specimen. For soft X-rays, MACs are generally of the
order of several thousand cm?/g, making X-ray absorption the dominant matrix correction.
Actually, none of the existing matrix corrections programmes can provide accurate EPMA
concentrations without a set of reliable MACs. In this sense, it has been emphasised that for soft
X-rays an uncertainty in the MAC of 1 % commonly leads to a relative error of 1 % in the
concentration [6].

Different MAC datasets are currently available in EPMA software packages, which cover the
EPMA range of interest down to ~ 100 eV. These datasets consist of tabulated values for the
most commonly used X-ray lines and emitter-absorber pairs. However, the accuracy of the
different MAC datasets is poorly documented and one often finds that different MAC datasets
produce significant differences in results. Moreover, because of their different nature, it is
unclear whether the newer databases should replace the older ones, particularly where specific
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EPMA matrix corrections might have had internal parameters fine-tuned based upon a particular
MAC dataset. In this paper, we review the current situation of MACs for soft X-rays in the
context of EPMA. We focus on the K-lines of the ultra-light elements (Be, B, C, N, O, and F),
giving special attention to the actinide absorbers, and on the L-lines of first-row transition metals,
where the difficulties arise from the proximity of the X-ray emission lines to the absorption
edges. Finally, the situation of ultra-soft X-rays is briefly discussed.

3. MASS ATTENUATION COEFFICIENT DATASETS

One of the most popular source of MACs in EPMA is the 1986 analytical expression of Heinrich
[7] (referred hereafter as Heinrich86), which was obtained from fits to experimental data. In the
soft X-ray region, because of the lack of experimental information, the theoretical predictions of
Veigele [8] were used, in combination with a few available measurements. The uncertainties in
Heinrich86 MACs are estimated at 5 %, except for energies below 800 eV and regions close or
between absorption edges, which are much larger, not being recommended for photon energies
below 180 eV [7]. Heinrich86's MACs are also known as the MAC30 compilation.

Another source of MACs for soft X-rays is the semi-empirical tabulation of Henke et al. [9]
(hereafter referred to as Henke82). Henke82's MACs, which covers the range from 30 eV to
19 keV and Z = 1 to 94, are mainly based on the experimental data available in 1982. Because
for many elements there was little or no published experimental data, Henke et al. relied on
theoretical calculations to interpolate and extrapolate across Z to fill the empty gaps. The
theoretical calculations were also used to average the near-edge fine structure in the u/p-curves.
In 1993, Henke et al. [10] revised and extended their 1982 tabulation by including new
experimental data and used new theoretical calculations to establish consistency through all
values of Z. The 1993 Henke tabulation (hereafter referred to as Henke93) covers the energies
from 50 eV to 30 keV and elements with Z =1 to 92.

From the theoretical point of view, u/p can be calculated as

L N,
(5) =3 (o +aco+on) 0

where Na is Avogrado's number, Am is the molar mass of the compound, and oph, oco and ora are
the cross-sections for photo-absorption, Compton scattering and Rayleigh scattering,
respectively. For photon energies below ~ 1 keV, photo-absorption absorption dominates
Compton and Rayleigh scattering and u/p can be approximated as

# Na
EY ] 2
( ,0) AM Opl ( )

For instance, for uranium, the difference between the value of u/p obtained by using Eq. (1) and
that obtained by using Eq. (2) amounts to ~ 0.01 % at the O K-line energy (524.9 eV).
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To calculate the photo-absorption cross-section for a compound the additivity rule is generally
used, which states that any molecular cross-section can be obtained as the sum of the atomic
cross-sections of the constituent atoms, thus neglecting chemical binding effects. Using the
additivity rule, the MAC of a compound can be calculated as [11]:

(i_) R (%) 3)

where (u/p)i and ci are the MAC and mass fraction of element i, respectively.

Different tabulations of theoretical photo-absorption cross-sections oph are available in the
literature. Chantler et al. [12] calculated photo-ionisation cross-sections for Z = 1 to 92 for
photon energies over the range from 1 - 10 eV to 400 - 1,000 keV. The same author tabulated
MACs near absorption edges for soft X-rays in the photon range from 100 eV to 10 keV for
elements Z =30 — 36 and Z = 60 - 89 [13]. Chantler's MACs are available from the National
Institute of Standards and Technology (NIST) as the FFAST tabulation [14] and have been
incorporated in most EPMA software packages. More recently, Sabbatucci and Salvat [15]
calculated photo-absorption cross-sections for the inner subshells (up to the N7 sub-shell) of
elements Z =1 to 99, for photon energies from the ionisation threshold up to 1 GeV. Sabbatucci
and Salvat's photo-absorption cross-sections are implemented in the computer code PHOTACS
[15]. Additional effects such as excitations to bound levels, finite life effects of the excited states
and Pratt's screening renormalisation correction, can also be accounted for. Sabbatucci-Salvat
cross-sections have been incorporated in the Monte Carlo simulation programme PENEPMA
[16] as well as in the EPMA programmes BADGERFILM [18] and NIST DTSA-II [17].

4. MEASUREMENTS OF MASS ATTENUATION COEFFICIENTS

MACs can be experimentally determined by measuring the X-ray intensity, /, transmitted
through a layer of an absorber element of mass thickness or by using the relation:

(E) = 3 lni (4)
P pt I

where /o is the intensity of the incident photon beam. Measurements for soft X-rays require the
use of very thin solid films, whose thickness is difficult to determine accurately, and thus the
experimental data may have limited accuracy in the soft X-ray region. In 1988, Saloman et al.
[19] compiled the experimental X-ray attenuation cross-sections from papers that were published
prior to 1988, which include the soft X-ray energy range 0.1 - 1 keV. Most of the measurements
compiled by Saloman ef al. were actually carried out in the 1960s and 1970s; from 1988 onwards
very few measurements have been reported, with the exception of those performed by
an international initiative group coordinated by standards laboratories in France, Germany, and
other countries [20].
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Attempts have also been made to determine the MACs from electron microprobe measurements
(which have often been referred to as empirical MACs [21]). Kyser [22] determined the MACs
for the La-lines of transition metals taking advantage of the relationship that exists between the
MAC and the electron beam energy that produces the maximum X-ray intensity. Bastin and
Heijligers made systematic determinations of MACs for the B-, C-, N- and O-Ka lines for a wide
range of absorbers spanning the periodic table, which were published over the years in different
reports [6, 23-25]. For a given specimen, these authors measured the element .-ratio at varying
accelerating voltages and fitted the MAC such that the average kcal / kexp ratio, where kcal and kexp
are the calculated and experimental k-ratios, respectively, yielded a value close to 1.

Pouchou and Pichoir developed a method to determine the MAC that requires the measurement
and calculation of the emerging X-ray intensity from a sample of known composition at varying
electron energies [26]. (u/p) is then obtained by minimising the sum S of the quadratic deviations
[26]

- , 1 — / 4 :
S = Zk: {(Y Le‘(p(Eh) iTz,th(Ekﬁ (/ /P))} (5)

where i, exp(Ex) and fim(Ex) are the measured and calculated X-ray intensities at incident electron
energy Ek, respectively, and o is a normalisation constant. Values of o and (u/p) are obtained by
solving numerically the equations dS/da = 0 and dS/d(u/p) = 0. The developed method was
implemented in the XMAC programme [4], which solves Eq. (5) iteratively by using the XPP
model [27]. Using their method, Pouchou and Pichoir obtained the MACs for selected X-ray
lines and absorbing elements [26], with an uncertainty that was estimated at ~ 5%. We note that
to achieve such accuracy, consistent X-ray intensity measurements as a function of beam voltage
need to be performed and, therefore, care has to be exercised to ensure instrument stability.
Besides, both accelerating voltage and beam current have to be accurately known and the
specimens should be well polished (< 0.1 um), flat and at 90° to the beam. If the specimen is
covered with a coating layer, its effect on the measured X-ray data should be accounted for [28].
Pouchou and Pichoir also used the k-ratios measured by Bastin and Heijligers to derive their own
MACs [27]. MACs have been obtained from EPMA measurements by other authors using
XMAC [28, 29-31] as well other calculation strategies [32-35]. More recently, Moy and
Fournelle have implemented the option of determining MACs from EPMA measurements in
their publicly available thin-film programme BADGERFILM [18].

Figure la shows the relative X-ray intensities for O-Ka X-rays from TiO2, as a function of
accelerating voltage [36], along with the theoretical X-ray intensities predicted by XPP that best
match the measurements, which yield u/p = 19,655 cm*/g. The sensitivity of the emerging X-ray
intensity to changes in u/p is illustrated in Fig. 1b, which shows the results of modelling the
relative X-ray intensity of O-Koa X-rays in UO2 with XPP using u/p-values of 9,990 and
12,210 cm?/g, corresponding to a + 10 % variation of a reference value (11,100 cm?/g) [28].
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Figure 1.  a) Variation of the O-Ka X-ray intensity as a function of accelerating voltage emitted from
TiO,, along with the XPP prediction for the indicated MAC value. Experimental data
measured by Merlet ef al. [36]. b) Sensitivity of energy-dependence of X-ray intensity to
mass absorption coefficient.

Lurio et al. [37] obtained the MACs for B-Ka and C-Ka X-rays in a number of materials from
particle-induced X-ray emission (PIXE) measurements. In their experiments, a film of the
absorber element was placed on top of a substrate, and the X-ray intensity emitted from the
substrate by proton bombardment was measured.

5. LIGHT ELEMENTS BE, B, C, N, O, AND F

To assess the accuracy levels in existing MAC datasets for the K-lines of the ultra-light elements,
Llovet et al. [11] compared tabulated MACs with experimental data obtained from
photo-absorption measurements, as well as from EPMA and PIXE measurements. Figure 2
compares, on logarithmic scale, the experimental MACs for Be, B, C, N, F and O emitters, as a
function of absorber atomic number Z, with Henke82, Henke93, Heinrich86, FFAST and
Sabbatucci-Salvat MACs. The experimental data include the EPMA/PIXE measurements of
Bastin and Heijligers [6, 23-25], Pouchou and Pichoir [26], Lurio et al. [37] and Poml and Llovet
[28] and the photo-absorption measurements tabulated in [19] as well as those reported by
Ménesguen et al. [20, 38, 39].

In general, the variation of the MAC with Z of the absorber shows several discontinuities, which
correspond to the K-, L-, M- and N-edges of the absorbing elements. The discontinuities are
sharp for the K- and L-edges (lower absorber Z) and become wider for the M- and N-edges
(higher absorber Z). There are 49 emitter-absorber pairs for which two or more experimental
MAC values exist. In these cases, the average difference between the MACs amounts to ~ 13 %.
Although there are some exceptions, where larger differences between the different experimental
data are observed (see below), this 13 % degree of agreement between the different experimental
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Figure 2.  Tabulated (solid lines) and measured (symbols) MACs for a) Be, b) B),c) C, d) N, ¢) O, and
f) F Ka-lines as a function of absorber atomic number.

values for the same absorber-emitter pairs is considered to be satisfactory given the difficulties
of these measurements. Some of the experimental values fall outside a band that would include
all the tabulated MACs, especially for /) N and O emitters and i7) absorbers with Z = 40 - 50.
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These values are most likely affected by uncertainties much larger than those claimed by the
authors.

Figure 2 reveals significant discrepancies between the different MAC tabulations. The
differences are larger for absorbers with Z greater than ~ 40 - 50 (i.e., above the M-edges of the
absorbers), where the (u/p) versus Z-curves follow a rather non-smooth pattern, especially for
Be and B. The disagreement is especially noteworthy for actinide absorbers (see below).
Interestingly, the differences observed between the different MAC datasets decrease with Z of
the emitter element, becoming less significant for O (Z = 8). In some cases, clear inconsistencies
are observed. For instance, for Be and absorber elements around Z = 50, Henke82 and Henke93
MAC:s are consistent with Saloman et al.'s data, but they are in clear disagreement with the recent
measurement of Ménesguen et al. [39], which is in very good agreement with the FFAST
predictions.

The cases where tabulated values significantly disagree with the experimental data often pertain
to X-ray lines located close to or between absorption edges of the absorbers. Two examples are
shown in Fig. 3, which correspond to the absorption of Be (Fig. 3a) and O (Fig. 3b) Ka-lines in
Sn. In the first case (Fig. 3a), the two sets of available experimental data largely disagree with
each other around the Be Ka-line, which is located between the Sn Ni- and N2-edges. The
measurements listed in Saloman et al.'s compilation generally consist of a few energy points, in
comparison with the much higher resolution measurements of Ménesguen et al. [20, 38, 39].
The differences between Saloman ef al.'s data and the MACs of Ménesguen ef al. amount up to
80 % at the Be Ka-line energy. Not surprisingly, the Henke93 MACs agree relatively well with
Saloman's data, as the latter were most likely used by Henke and co-workers to produce their
semi-empirical tabulation. In contrast, the differences between Saloman ef al.'s data and the
theoretical FFAST and Sabbatucci-Salvat MACs (at Be Ka-line energy) are as high as 82 % and
92%, respectively.

a b
X L I . I Y I ! I A I I I I
100000 - 3 |
C Henke93 ] ‘ Sn
Sn — H:?ur?uhé?(v ] 30000 i —
| — FFAST ] M, ™~
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Figure 3.  Tabulated (solid lines) and measured (symbols) MACs of Sn as a function of photon energy
in the photon range a) 50 - 400 eV, and b) 450 - 900 eV.
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Interestingly, the theoretical FFAST and Sabbatucci-Salvat MACs show a much better
agreement with the recent measurements of Ménesguen et al., although differences are still
significant for Sabbatucci-Salvat MACs. Conversely, the latter MACs are seen to be in very
good agreement with the experimental data of Saloman et al. (as well as with Henke93's MACs)
for B. Heinrich86 MACs consistently provides the closest match to Ménesguen et al.'s
measurements at the energies of the B-, C- and N-Ka X-rays. It is clear that further work is
required to resolve these kind of inconsistencies. ~ While undertaking high-resolution
photo-absorption measurements is not without its difficulties, less complicated EPMA
measurements could help resolve these discrepancies.

Figure 3b compares experimental and tabulated MACs of Sn around the energy of the O Ka-line,
which is located between the Sn M4;s and the M3 edges. While the FFAST MACs show sharp
discontinuities at the edge positions, the Sabbatucci-Salvat MACs are smoother across the edges,
resembling an experimental measurement. At the O Koa-line energy, the good agreement
between the MAC measured by Bastin and Heijligers [6] and the measurements of Ménesguen
et al. [39] is worth noting. Henke93 and Heinrich98 tabulated values agree within ~ 15 %, with
Bastin's data, but the theoretical Sabbatucci-Salvat and FFAST MACs overestimate the
experimental data by 47 % and 59 %, respectively. The value listed in Henke82 compilation is
also off by 53 % from Bastin's value. The agreement between the MACs obtained from EPMA
measurements and those obtained from photo-absorption measurements is worth noting.

A quantitative assessment of the MAC datasets can be made by calculating the root-mean-square
percentage deviation, RMS, of the tabulated MACs from the corresponding experimental values.
The RMS parameter is defined as follows:

with

A = 8/ Phrab = W/ P)exw ., 14 (6)
(1] p)esp

where N is the number of data points and A: is the percentage deviation of a tabulated MAC,
(u/p)ab, from the experimental value, (u/p)exp. We note that the Heinrich86 tabulation does not
list values for several X-ray lines located near absorption edges. For example, there is no value
for B-Ka in Zr (the B Ka-line, with energy 183.3 eV, lies near the Zr M4 edge at 181.1 eV). In
contrast, other tabulations include MAC values in these cases, but their accuracy may be
questionable. For example, the MACs listed in Henke82, Henke93 and FFAST tabulations for
B in Zr differ by 91 %, 67 % and 107 %, respectively, from the experimental value measured by
Bastin and Heijligers [23]. This somehow penalises the RMS for the latter tabulations leaving
unaffected that of Heinrich86.

(A

RMS values of tabulated MACs from experimental values, calculated for the different emitters
(Be, B, C, N, O and F) are listed in Table 1 [11]. Considering all the elements together, Henke93
provides the lowest RMS value (30.0 %) as compared to the other tabulations, followed closely
by Sabbatucci-Salvat, with a RMS value of 30.6 %. While more experimental work is necessary
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to draw a definite conclusion, especially for high-Z absorbers, our results seem to favour the
semi-empirical Henke93 and the theoretical Sabbatucci-Salvat MACs over the other considered
tabulations.

Table 1. Percentage deviation (RMS (%)) of tabulated MACs from experimental values for each
emitter element (N is the number of data points). The lowest RMS values of each raw are

highlighted in grey.
T s Henke&2 Heinrich&6 Henke93 FFAST Sabbatucci

BRMS(%) N RBMS(%) N RMS%) N RMS%) N RMS%) N
Be 73.6 29 - - 49.9 29 52.9 29 53.1 29
B 29.0 84 57.7 75 26.1 84 36.2 84 30.50 84
C 23.4 61 31.5 60 23.6 61 21.3 61 23.9 61
N 30.3 42 28.3 42 34.3 42 28.0 42 28.2 42
O 17.9 43 17.4 43 21.8 41 21.7 41 19.1 43
F 32.5 8 26.9 8 297 8 30.0 8 27.5 8
All 34.7 267 39.8 228 30.0 265 32.4 265 30.6 267

5.1. Light-element emitters (B, C, N, O) in actinide absorbers

Figure 4 shows the MACs for B-, C-, N- and O-Ka in actinide absorbers listed in Henke82,
Henke93, Heinrich86, FFAST and Farthing-Walker tabulations as well as those values obtained
from the Sabbatucci-Salvat photo-absorption cross-sections [15]. Farthing and Walker's

tabulation is currently used in most nuclear laboratories and was produced by extrapolating
Heinrich86's MACs up to Z = 96 [40].

For B-, C- and N-Ka there are significant discrepancies between the different tabulations. Except
for B-Ka in U, the Henke93, FFAST and Sabbatucci-Salvat MACs show a good agreement with
each other, with values in general much lower than the other tabulations. There is a good
agreement between Farthing-Walker, Heinrich86 and Henke82 MACs for N-Ka and O-Ka.
Note that both Heinrich96 and Farthing-Walker datasets do not include data for B- and C-Kao.
In the case of B X-rays in U, Fig. 4a also includes the experimental MAC obtained by Pouchou
and Pichoir [26] as well as that extracted from the photo-absorption measurements of del Grande
et al. [41]. It is worth pointing out that the MAC obtained from EPMA measurements is
consistent with that obtained from photo-absorption measurements. The lack of agreement
between the FFAST or the Sabbatucci-Salvat MACs with the experimental data can be in part
due to the long tail of the uranium 5d-5f resonance, a broad absorption feature at ~ 115 eV [41],
which is neglected in atomic calculations.
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Figure 4.  Tabulated (crosses joined by solid lines) and experimental (symbols) MACs for a) B, b) C,
¢) N, and d) O Ka X-rays as a function of absorber atomic number.

In the case of O-Ka, the discrepancies between the different MAC tabulations are smaller (except
for high-Z absorbers) but still important for practical applications. Figure 4 also includes the
experimental MACs determined by Poml and Llovet [28] and Matthews et al. for U [35]. The
experimental data show a consistent agreement, within the experimental uncertainties, with
Sabbatucci-Salvat MACs, which would favour the use of this dataset for Am and Cm as well.
In contrast, the MACs from Henke82 and Farthing tabulations are systematically higher than the
experimental data, while the MACs from the Henke93 tabulation appear to be much lower than
the experimental data. The FFAST MACs agree with the measured value for Th but
underestimate by ~ 10 % the experimental results for U.

Poml and Llovet [28] applied these results to improve the analysis of an uranium-doped
americium oxide sample, which also contained Np and Pu. This kind of material has recently
gained interest as a radioisotope heater unit for space missions into deep space, where energy
from the sun is not available, because it offers better properties than the conventional pure
americium oxide [42]. Table 2 compares the EPMA concentrations obtained by using
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Farthing--Walker MACs for O-Ka in U, Np, Pu, and Am with those obtained using
Sabbatucci-Salvat MACs (for consistency, in both cases, the same MACs were used for the rest
of X-ray lines and absorbers). Significantly different estimates of the oxygen abundance were
obtained, which differ nearly by ~ 50 %. The closeness of the analytical total to 100 % for the
composition obtained using Sabbatucci-Salvat MACs and its agreement with thermogravimetric
analysis [42] suggested a more reliable estimate of the oxygen abundance, providing further
evidence of the accuracy of Sabbatucci-Salvat MACs for actinide absorbers.

Table 2. Comparison of EPMA analyses using MACs for O-Ka X-rays from different sources. From

[28].
MAC source U (wt.%) Np (wt.%) Pu (wt.%) Am (wt.%) O (wt.%) Total
Fartiiag-Walker 11.2 5.01 1:H7 72.2 17.1 107.2
Sabbatucci-Salvat 11.0 5.02 1.55 71.2 10.3 99.1

6. TRANSITION METAL L-LINES

Figure 5a compares the MACs for the La-lines of transition metals from Henke82, Henke93,
Heinrich86, FFAST and Sabbatucci-Salvat tabulations, with the experimental data of Pouchou
and Pichoir [26] and of Kyser [22], as well as with the MAC values extracted from the
photo-absorption measurements of Ménesguen et al. [38] and of Sokaras et al. [43]. The
experimental MACs obtained from different EPMA based methods agree reasonably well with
each other (except for Ti, where the value reported by Pouchou and Pichoir [26] differs by
~ 20 % from that reported by Kyser [22]), and also with the photo-absorption measurements of
Sokaras et al. [43] and of Ménesguen et al. [38].
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Figure 5.  a) Tabulated (crosses joined with solid lines) and experimental (symbols) MACs for La
X-rays of transition metals, as a function of metal atomic number. b) Theoretical (Sabatucci)
and experimental (Ménesguen) MACs of metallic Ni around the Ls-edge (green dashed
vertical line). The Ni La-line emission line is also shown in arbitrary scale.
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For all elements except Cu and Zn, the tabulated MACs consistently underestimate the
experimental data by ~ 30 - 40 %, which represents a significant source of error for EPMA
analysis [30, 31] (surprisingly the MACs from Henke93 tabulation are markedly much higher
than the rest of tabulations, except for Ti, Co and Zn).

The reason for this systematic underestimation arises from the near-edge structure of the
L23 absorption edges of the first-raw transition metals. This structure, which consist of one or
several absorption peaks (also referred to as white lines), originate from electron transitions
between the 2p level and the unoccupied 3d states. The near-edge structure at the Ni L3 edge is
shown in Fig. 5b, which compares the experimental MACs of Ni metal obtained by Ménesguen
et al. [38] with the theoretical MACs of Sabbatucci and Salvat [15]. The latter calculations do
not predict any absorption peak as they apply to free atoms and thus solid state effects are
neglected. Because of the proximity of the La-line (also shown in the figure) to the L3 absorption
edge (green dashed line), the MAC at the Ni La-line (851.47 eV) is almost a factor 2 higher than
the calculated value. Away from the edge (say below ~ 850 eV and above ~ 865 eV) there is
a good agreement between Sabbatucci-Salvat MACs and the experimental data. In contrast to
Ni, the experimental absorption spectrum of metallic Cu shows a typical step-like profile, with
some oscillations above the edge [44]. The lack of absorption peaks stems from the fact that Cu
has no unoccupied 3d states, as can be deduced from its electronic configuration [Ar]: 4s' 3d'°.
As a result, there is a good agreement between tabulated and measured MACs, as can be seen in
Fig. 5a. While this is also the case for Cu’-compounds, the electronic configuration of
Cu?*-compounds ([Ar]: 3d°) indicates that the latter have unfilled 3d orbitals and thus they are
also likely to exhibit absorption peaks at the L3-edge [45].

Figure 5b also shows that the Li-edge extends in part over the Lo emission line, which is
represented by a Lorentzian distribution of width 2.58 eV [44]. Because (u/p)(E) increases
rapidly across the Lo-line width, the high-energy side of the La-line will be more attenuated than
its low-energy side, producing a distortion to the line shape. This distortion, which depends on
the excitation conditions, is known as self-absorption [46]. Note that if the MAC varies smoothly
over the line width, as it is generally the case, self-absorption will only modify the line intensity
but not its shape. Because the MAC is almost constant across the emission line in the case of
metallic Cu [44], very little distortion to the X-ray shape line is expected.

The effect of self-absorption is an additional source of uncertainty affecting matrix corrections,
since they assume that X-ray lines are narrow and MACs are simply evaluated at the line
energies. By introducing a Lorentzian profile L(E) to describe the X-ray line shapes and by using
experimental (u/p)(E)-curves from high-resolution measurements, Llovet et al. [44] showed that
analytical errors of up to ~ 9 % can be made in neglecting self-absorption, even if the MAC is
accurately known at the line energy. Llovet et al. also showed that, when self-absorption is
significant, the use of MACs determined from EPMA data may significantly reduce the
analytical error. This is because the EPMA measured MAC actually represents an "effective"
value that naturally accounts for the MAC variation over the line width. As a result, X-ray
intensities calculated by matrix corrections match better the measured ones.
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The troublesome point of the L3 near-edge structure for EPMA analysis is that it is sensitive to
the chemical state of an element. This feature is exploited by the X-ray absorption near-edge
structure (XANES) technique, which gives information about the local structure around the
absorbing atom as well as its oxidation state and bonding characteristics. Figure 6a compares
the absorption spectrum of metallic Ni with that of NiAl [38, 48]. Due to the near edge structure,
the MAC of NiAl at the Ni-La line energy is smaller than that of Ni, as was shown by Pouchou,
who measured the MAC for Ni-La in y’-NizAl (12.5 wt% Al), B-NiAl (30.9 wt% Al) and
metallic Ni [4] (see also [49]). Pouchou's results are displayed in Fig. 6b, which shows that the
MAC for Ni-La in Ni bonded with one Al atom is significantly lower than that for pure Ni. The
reason is that the filling of the 3d states by electrons from Al reduces the intensity of the
absorption peak at the Li-edge [4]. Because, the MAC decreases linearly with Ni concentration
the additivity rule (Eq. (3)) is no longer valid. The breakdown of the additivity rule for photon
energies close to absorption edges has been discussed by Deslattes [50].
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Figure 6.  a) Experimental MACs of metallic Ni and NiAl around the Ls-edge (see text for details).
b) EPMA measured MACs for Ni-La X-rays in Ni metal and in Ni-aluminides [49].

Llovet et al. [31] showed a similar behaviour in the case of Ni-silicides [31]. In this case, the
authors demonstrated the structure of the MAC near the edge by means of self-absorption
spectra. Self-absorption spectroscopy, which was developed as an alternative to conventional
X-ray absorption spectroscopy [47], is based on the fact that the point-by-point intensity ratio of
two L emission spectra /1(E) and I2(E), measured at two different beam energies, yields a curve
which resembles the conventional X-ray absorption spectrum [44]. In spite of the much lower
spectral resolution, the self-absorption spectra showed significant differences between the
different Ni-silicides, pointing to changes in the occupancies of the Ni 3d states due to bonding
with Si. The MACs for Ni-La X-rays of Ni-silicides obtained by Llovet ef al. also showed
a linear dependence on Ni concentration. These results, along with those reported by Pouchou
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[49], suggest that a bonding correction is needed in Eq. (3) to calculate the MACs of
transition-metal aluminides and silicides (and most likely of other transition-metal compounds).

Another situation where MACs may be affected by large uncertainties is when the emission line
is located at up to a few hundred electron volts above the absorption edge [51]. The study of this
region is the basis of the extended X-ray absorption fine structure (EXAFS) technique, which
gives information about the local environment of an atom. In this region, the MAC shows some
oscillations, which are the result of the interaction between the ejected photoelectron and other
atoms surrounding the excited atom, as are observed in the absorption spectrum of Cu metal
measured by Ménesguen et al. [20] (Fig. 7a). Because atomic photo-absorption calculations
assume that atoms in the solid state interact with radiation as if they were isolated atoms, EXAFS
oscillations are neglected (Fig. 7a). MAC tabulations also ignore variations near absorption
edges, as mentioned earlier. The experimental MAC measured by Pouchou and Pichoir [26] for
the LPi-line slightly overestimates the measured value by Ménesguen et al. at the LB-line energy
(Fig. 7a). As noted earlier, a MAC obtained from EPMA measurements represents an effective
value of (u/p)(E) over the width of the emission X-ray line, which could in part explain this small
deviation.
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Figure 7. a) Theoretical (lines) and experimental (symbol) MACs of metallic Cu around the
Cu Lpi-line (EXAFS region). b) Tabulated (crosses joined with solid lines) and measured
(experimental) compound MACs for Al L,3M X-rays in Ti-Al compounds and Al metal, as
a function of Al concentration.

7. ULTRA SOFT X-RAYS

Although most MAC tabulations (except that of Heinrich) cover the energy range above 50 eV,
the accuracy of MACs below 100 eV is open to question mainly because of the scarcity of
experimental data. Recently, Rudinsky e al. [34] measured the MACs of Al L23M X-rays
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(72.4 eV) in different TiAl alloys using a soft X-ray emission spectrometer (SXES). The MACs
obtained by Rudinsky et al. were found to be in significant disagreement with the FFAST MACs
and the discrepancies were attributed to missing contributions from Auger and Coster-Kronig
transitions, as well as to uncertainties in some of the fundamental quantities adopted in their
X-ray emission calculations [34]. Llovet ef al. [11] re-processed the X-ray intensities measured
by Rudinsky et al. using both XMAC and BADGERFILM, obtaining MACs in large disagreement
with those reported by Rudinsky. In Fig. 7b, the MACs obtained by Llovet ef al. [11] are
compared to MACs calculated based on data extracted from the Henke82, Henke93, FFAST and
Sabbatucci-Salvat tabulations for Al and three Ti-Al alloys. While the MACs from the different
tabulations significantly disagree with each other, those obtained by re-processing Rudinsky
et al.'s data with XMAC match notably well the theoretical predictions of Sabbatucci and Salvat.
More systematic EPMA measurements using the SXES would be desirable to improve our
understanding of MACs for ultra soft X-rays.

7. CONCLUSIONS

An assessment of the accuracy levels in MAC tabulations for soft X-rays has been presented by
comparing tabulated MACs with experimental data available in the literature. The latter included
both photo-absorption cross-section measurements as well as MACs obtained from EPMA and
PIXE measurements. Although the 1993 semi-empirical MAC compilation of Henke et al. [10]
provides the lowest RMS value as compared to the other tabulations for the light elements (Be,
B, C, N, O, and F), the MACs obtained from the theoretical photo-absorption calculations of
Sabbatucci and Salvat [15] perform better than the rest of considered tabulations when the
L-lines of transition metals are also included. Uncertainties in the MAC tabulations for not
including variations near absorption edges can be reduced by replacing tabulated MACs with
those obtained from EPMA measurements, suitably processed with computer programs such as
XMAC or BADGERFILM. MAC:s obtained in this way can also be used as the basis of bonding
corrections for transition-metals compounds.
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