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Abstract. A fast calculation method to compute secondary fluorescence near phase boundaries
in electron probe microanalysis is described. Secondary fluorescence intensities are calculated
by numerically integrating the equations that describe the emission of fluorescence by
photoelectric absorption of primary X-rays (characteristic and bremsstrahlung) from a couple
of two semi-infinite, adjacent materials, when the electron beam impacts on one of them. The
reliability of the developed calculation is assessed by comparing calculated fluorescence
k-ratios, as functions of the distance of the electron beam to the interface, with experimental
data available in the literature and with the results of Monte Carlo simulation using code
PENELOPE.

1. Introduction
Conventional matrix-correction algorithms of electron probe microanalysis (EPMA) assume that the
sample volume from which X-rays are generated has homogeneous composition. While this volume is
of the order of several cubic micrometers for primary X-rays generated by electron impact, it can be
one-to-two order of magnitude greater for X-rays generated by photoelectric absorption of primary
X-rays, which are usually referred to as secondary fluorescent (SF) X-rays. This means that even for
electron beams impacting quite a distance away from a phase boundary, there can be a SF contribution
across the phase boundary arising from a non-excited phase. This contribution, which depends on the
impact distance of the electron beam to the boundary and on the composition of the two adjacent
phases, is generally small and it can be disregarded (as it is implicitly done when assuming that the
volume that fluoresces is homogeneous). However, in certain situations, the contribution of SF across
phase boundaries may become significant and should be taken into consideration carefully. One such
situation is the analysis for a trace element when the neighbouring phase contains the element of
interest [1].

Several methods have been proposed to correct for SF effects near phase boundaries. Bastin et al.
[2] developed a numerical method to correct for this effect in metal couples. Myklebust and Newbury
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[3] used the Monte Carlo (MC) simulation of electron transport to predict SF induced at phase
boundaries in metal couples. In these methods, SF induced by bremsstrahlung was approximated by
very crude methods or even neglected. Llovet and Galan [5] used the general-purpose MC code
PENELOPE [4] to correct for SF in mineral couples. Because both the electron and photon transport
was considered, the contribution of SF from characteristic X-rays as well as that from bremsstrahlung
photons was included in a natural way. PENELOPE was also used by Fournelle et al. [6] to study the
dependence of SF on sample orientation. Although the use of MC simulation results has proven to be
useful to correct for SF near phase boundaries, it is not suitable for on-line EPMA algorithms as it
requires relatively large computing times.

In this study, we describe a fast calculation method to compute SF effects across phase boundaries.
SF intensities are calculated numerically by integrating the equations that describe the emission of
X-ray fluorescence by photoelectric absorption of primary X-rays (characteristic and bremsstrahlung)
from a couple of two semi-infinite, adjacent materials, when the electron beam impacts on one of
them. We assume that primary X-rays are emitted from a point source located at the surface of the
irradiated material and that the boundary is planar and perpendicular to the surface. The reliability of
the developed calculation is assessed by comparing calculated SF k-ratios (also referred to as
“apparent” k-ratios), as functions of the distance of the electron beam to the interface, with
experimental data from clean experiments available in the literature and with the results of MC
simulation obtained using PENELOPE.

2. Theoretical description

Let us consider a sample consisting of two different materials, 1 and 2, separated by a plane boundary
perpendicular to the sample surface. A focussed, monoenergetic electron beam of energy £, impinges
normally on the surface of the sample, at the side of the material 1 and at a distance d from the
interface (see figure 1).

detector

Figure 1. Schematic picture that represents two
materials 1 and 2. The electron beam is focused
on the surface of 1 at point O. The distance
between O and the boundary is d.

The total SF intensity emitted by the atomic shell j from material 2 is the sum of the characteristic
[J(gf) and bremsstrahlung [J(gf) contributions,

19 =15 + 10, (1)

In the following sections, we derive the equations that describe these two contributions.
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2.1. Characteristic fluorescence

The number of characteristic X-rays emitted with directions in the solid angle element dQ from

material 1 is given by (isotropic emission is assumed)

Ni1(Eo)win
47

where w;; is the fluorescence yield of the shell, N;; is the average number ionisations in the atomic-
electron shell “i” by each incident electron, i.e.,

Eo
Njp = N/ Oil
Ejy

dl;; = dQ, 2)

1
E)———dE, 3
where E; is the shell-ionisation energy, o;(E) is the shell-ionisation cross-section for electrons of
energy E, S|(E) = —dE/ds is the electron stopping power and N is the number of atoms per unit
volume, i.e.

N = Nap/aw, @

where N, is Avogadro’s number, p is the mass density of the material (in gr/cm’) and 4,, is the molar
mass (g/mol) of the element.

For simplicity, we assume that all X-rays are emitted at zero depth. This assumption is justified as
long as the effective range of electrons is much less than the mean free path of characteristic X-rays,
which is usually the case. Hence, the intensity of primary characteristic X-rays (number of photons
per incident electron and per unit solid angle) reaching a detector, in the direction (8y, ¢q) is

_ dln _ Na(Eo)wi

I —
TN P )

Some of the characteristic photons from material 1 will cross the interface, be absorbed in material
2 and produce fluorescence. Let P be a generic point in material 2, with polar coordinates (s, 9, ¢). In
their path from the generation site O to the point P, the intensity of characteristic X-rays is reduced by
the attenuation factor

Fétl) = exp(—p1151 — H1252)

where s; and s, are the lengths of segments of the straight trajectory from O to P in materials 1 and 2,
respectively, and x4, and y;, are the attenuation coefficients of the characteristic X-rays of material 1
in materials 1 and 2, respectively. Evidently,

d d
1T Gnfsmg M4 2T TS T G hing (©)
Hence,
(1) _ d d )}
F, = — i ——————— — _
at exp { p11 sin 0 sin ¢ H2 (8 sin @ sin ¢ @)
Each characteristic photon absorbed at P produces a fluorescence X-ray j with probability
e
Payor = wij2 <£> (8)
oT2

where or, is the total cross-section for photon absorption in material 2 and o, is the partial
photoelectric cross-section of the active atomic electron shell. The fluorescence photons are emitted
isotropically; those that reach the detector are attenuated along their path before leaving the target.
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We assume that the whole path from the emission site P to the detector is contained within material 2,
i.e., that the detector is “on the 2 side” of the sample. Under these circumstances, the path length of
fluorescence photons in material 2 is

scos

85 = €))

cos 64

and the corresponding attenuation factor is
5 COS 0]

cos 04

Féf) = &Xp [_MQZ (10)

The intensity of fluorescence X-rays (number of photons per incident electron and per unit solid
angle) reaching the detector is

(cf) /ﬂ— . /7r . (1) Payor (2)
I’ =T df sin 6 d ds F, —F . 11
& ! /2 0 ¢ d/(sin sin @) o M2 T Tat (Ih
That is,
I](gf) = Clg,ulg/ dé sin@/ dqb ds
w/2 0 d/(sin 0 sin ¢)
o {_ d B (3— d )_ SCOSQ] (12)
ER Mllsin&sian) e sin 0 sin ¢ Hez cos By
with
(s =i i Wi (%) 13
12 = 11— Wj2 p— (13)
The integration over s can be performed analytically and yields
I](éf) = C12F12,i5 (14)
where
Q @ sin 6
= do [ d
P14 et /ﬂ/z /0 ¢u12 + 22 cos 0 sec By
X exp {—@ (11 + pog cos O secly)| - (15)

2.2. Bremsstrahlung fluorescence

The case of fluorescence caused by bremsstrahlung photons can be treated in a similar way. As
before, we assume that all bremsstrahlung photons are emitted from the surface (z = 0). We also
assume that the energy spectrum of bremsstrahlung photons can be approximated by using the
Kramers’ formula [7], i.e.,

dIp; Ey—-FE
=KZ
1E E (16)

where K is an empirical parameter and Z is the atomic number of the material. In Eq. (16) d/g,/dE is
the number of continuum photons per unit photon energy £ and per incident electron, assuming that
the electron slows down to rest within the target (i.e., there is no backscattering).
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The intensity of bremsstrahlung fluorescence emitted by atomic shell j from material 2, in the
direction of the detector is given by

Ey—-FE

I .
Iy = Cr2(E)K22Z Fio; dE , (17)

E;
where C\,(E) and F,; are given by Eqgs. (13) and (15), respectively, and Z, is the atomic number of
material 2.

We have determined the factor K by fitting the Kramer’s formula to simulated bremsstrahlung
distributions using PENELOPE for selected materials and incident electron energies. The results show
that Kramer’s formula closely reproduces simulation results and that the factor K depends weakly on
both the atomic number and the electron energy, as shown in Table 1. Hence, Kramers’ formula
provides a convenient approximation for computing fluorescence corrections induced by continuum
photons.

Table 1. Values of the Kramers’ constant
for different elements and energies of the
electron beam.

Element Z F (keV) K (1/eV)

Cu 29 20 2.61E-09
Co 27 20 2.62E-09
Fe 26 20 2.63E-09
Zn 30 20 2.60E-09
Au 79 20 2.01E-09
Zn 30 10 2.70E-09
Zn 30 15 2.75E-09
Zn 30 20 2.60E-09
Zn 30 25 2.53E-09
Zn 30 30 2.48E-09
Zn 30 40 2.42E-09

3. Results and discussion

In order to assess the reliability of the developed calculation method, we have calculated apparent k-
ratios for selected cases for which there is experimental data from “clean experiments” available in the
literature. We compare our calculated k-ratios with the experimental data as well as with the results of
MC simulation using the code penelope. Specifically, the simulations have been performed by using
the dedicated code penepma [8], which is based on version 2008 of penelope.

The apparent A-ratio is defined as the ratio of the X-ray intensity F12;; emitted by atomic shell i
from material 2 when the beam impacts on material 1 to that emitted by element i from a standard that
contains the element of interest 7, i.e.,

I3,
K = I - (18)
Fi2,ijand I; have been calculated by means of Egs. (1) and (3), using ionisation cross-sections,
stopping powers, fluorescence yields and total and partial photoelectric cross sections adopted from
the numerical database of PENELOPE [4].
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Figure 2a displays calculated, measured and simulated apparent Co k-ratios vs. distance to interface
for a Co-Cu couple, when the beam impacts at the Cu side of the couple. The opposite case is
illustrated in figure 2b, which shows the apparent Cu k-ratios obtained when the beam impinges at the
Co side of the couple Co-Cu. The experimental data were taken from Ref. [2]. In both cases, the
agreement between calculated, simulated and measured A-ratios is satisfactory. It is worth noting that
when the electron beam impinges on Cu (the element of highest atomic number), Co characteristic
X-rays able to ionize the Cu atoms, and therefore, the apparent k-ratio is due to both the contributions
of characteristic X-rays and bremsstrahlung. On the contrary, when the beam impacts on Co (the
element of lowest atomic number), there is no characteristic contribution to the SF, which is only due
to bremsstrahlung.
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Figure 2. Apparent Co (a) and Cu (b) k-ratios due to SF vs. distance to interface for a Co-Cu
couple and electron beam impacting at the Cu (a) and Co (b) sides of the couple, respectively.

Figure 3 illustrates calculated, simulated, and measured k-ratio profiles for Fe-Cu (a) and Ni-Zn (b)
couples as a function of the distance from the electron beam to the interface. The experimental data
were taken from Refs. [9, 5] respectively. In the case of Fe-Cu, the beam impacts on the Cu region
and the quantity plotted is the Fe k-ratio, while for the Ni-Zn, the beam impacts on the Zn region and
the quantity displayed is the Ni k-ratio. In both cases, the apparent k-ratios are caused by both
fluorescence from the continuum and characteristic X-rays. The agreement between calculated,
measured and simulated k-ratios is again satisfactory.

A correction procedure based on the developed calculation will be implemented in the commercial
EPMA acquisition and analysis package PROBE FOR WINDOWS available from Probe Software, Inc
[11] and will also be made available to the scientific community through the free matrix-correction
utility programme CALCZAF, which is also available from Probe Software, Inc.
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Figure 3. (a) Apparent Fe k-ratio in Cu due to SF versus distance to interface for a Fe-Cu couple
and electron beam impacting at the Cu side of the couple.

(b) Apparent Ni k-ratio in Zn due to SF vs. distance to interface for a Ni-Zn couple and electron
beam impacting at the Zn side of the couple.

References

[1] Reed ST B 1993 Electron microprobe analysis (Cambridge University Press, Cambridge)

[2] Bastin G F, van Loo F J, Vosters P J and Vroljik J W 1983 Scanning 5 172

[3] Myklebust R L and Newbury D E 1994 Scanning 17 235

[4] Salvat F, Ferndandez-Varea J F and Sempau J 2008 PENELOPE-2008: A code system for
Monte Carlo simulation of electron and photon transport (OECD/NEA Data Bank, Issy-les-
Moulineaux, France)

[5] Llovet X and Gal’an G 2003 Am. Mineral. 88 121

[6] Fournelle J H, Kim S and Perepezko J H 2005 Surf. Int. Anal. 37 1012

[7] Kramers H A 1923 Phil. Mag. 46 836

[8] Llovet X and Salvat F 2008, unpublished

[9] Arnould O and Hild F 2002 Microchim. Acta 139 3

[10] Valovirta E, Erlach S, Llovet X and Heikinheimo E 2001 Proc. of EMAS 2001 Workshop p.
382.

[11] Probe Software Inc. http://www.probesoftware.com/Technical.htm




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 15%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Euroscale Uncoated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.7
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /UseDeviceIndependentColor
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly true
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Euroscale Uncoated v2)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <>
    /CHT <>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <>
    /NLD (Gebruik deze instellingen om Adobe PDF-bestanden te maken die moeten worden gecontroleerd of die moeten voldoen aan PDF/A-1b, een ISO-standaard voor de langetermijnopslag \(archivering\) van elektronische documenten. Zie voor meer informatie over het maken van PDF/A-compatibele PDF-documenten de Acrobat-gebruikershandleiding. PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents that are to be checked or must conform to PDF/A-1b, an ISO standard for the long-term preservation \(archival\) of electronic documents.  For more information on creating PDF/A compliant PDF documents, please refer to the Acrobat User Guide.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




