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Monte Carlo Analysis of the Detection of Clay Occlusion of Respirable
Quartz Particles Using Multiple Voltage Scanning Electron Microscopy
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Summary: The electron incident-energy dependence of the
relative intensities of Al and Si x-rays produced in a res-
pirable-sized quartz particle by scanning electron mi-
croscopy is sensitive to the inhomogeneity of the distrib-
ution of Al and Si in the particle. Realistic Monte Carlo
calculations of this energy dependence validate the pro-
posal to use this effect for the detection of particles in
which an aluminosilicate coating occludes the surface of
a silica core.
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Introduction

Respirable quartz dust is a known cause of pulmonary
disease (National Institute for Occupational Safety and
Health 1974). However, studies have shown that the quartz
content of respirable dust alone is not a reliable predictor
of the prevalence of dust-induced disease (LeBouffant et
al. 1982, Rokbok and Klosterkotter 1973), which suggests
that it is the biologically available quartz surface rather than
the bulk quartz concentration that is more relevant in this
context. Scanning electron microscopy (SEM) x-ray spec-
trometry is a valuable tool for determining the elemental
composition of individual dust particles, but the conven-
tional SEM x-ray analysis does not yield information on the
possible inhomogeneity of the distribution of any given el-
ement in a particle. Electron microprobe microanalysis
using different incident electron accelerating voltages has
been used to analyze thin metallic surface coatings on
other metal substrates (Pouchou and Pichoir 1984). Wal-
lace et al. (1990) have proposed to use the dependence of
the x-ray yields on the incident electron energy as a probe
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of the heterogeneity of a particle’s structure. To this end,
they developed a simple one-dimensional model of x-ray
production and absorption in a multilayered medium, and
using this model they were able to demonstrate the feasi-
bility of the detection of a thin aluminosilicate coating on
a silica core in a respirable dust particle by the measure-
ment of the energy dependence of the ratio Si to Si+Al x-
ray yields at low energies (~5 keV) of the incident electrons.

It is desirable to develop further the analytical model of
Wallace et al. with a view to obtaining a quantitatively ac-
curate method of analysis of the structure heterogeneity in
respirable particles. The Monte Carlo method has become
an invaluable computational tool of analysis in SEM work
since its first applications to this field in the mid 1970s
(Heinrich et al. 1976). The Monte Carlo method is well
suited to a realistic modeling of the electron-scattering
and x-ray-production stochastic processes in a finite three-
dimensional medium of a given shape and heterogeneous
composition, which is a task that is generally intractable in
a traditional analytical treatment.

In this paper, we present the results of realistic Monte
Carlo calculations of the production of x-rays by low-en-
ergy (5-30 keV) electrons incident on a spherical particle
of respirable size (~1 pm), whose core is coated with a layer
of a different composition than that of the core. These cal-
culations furnish the ratio of the Si to Si+Al x-ray yields
as a function of the incident electron energy for a range of
thicknesses of aluminosilicate surface layers and silica
core radii. We shall describe first the Monte Carlo model
used. The Results and Discussion section contains the pre-
sentation of the calculational results, their comparison with
experimental data, and a discussion. The Conclusion is
drawn in the last section.

The Monte Carlo Model

We used the Monte Carlo method of the simulation of
electron scattering and x-ray production (see, e.g., Joy 1995,
Newbury et al. 1986) to model the physical processes of
our interest as follows.

Electron Scattering

A narrow beam of electrons of an energy in the range
5-30 keV is incident on the surface a spherical particle,
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which consists of a silica (SiO,) core of radius in the um
range, coated with an aluminosilicate “clay” (nSiO,+
mAlLQ,) surface layer whose thickness is a given fraction
of the core radius. The history of an electron is traced
through the events of elastic scattering it undergoes with
the atoms of the particle. In general, there are regions of dif-
ferent composition along the electron’s current direction of
flight in the particle, and thus the distance s between two
elastic collisions (and the distance to the first collision
point) is sampled according to the prescription (Kalos and
Whitlock 1986)
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where kj and 5, are, respectively, the mean free path in re-
gion j and the projected distance in that region along the
electron’s current direction of flight; / is such that the ran-
dom number 7, drawn from a uniform distribution on the in-
terval (0,1) (we used the random number generator ran2 of
Press et al. (1992) for this purpose), satisfies the relation
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where A/ =X,n/A; and 61" = X,n /0, are the total mass
per mole and total elastlc scatterlng cross section, respec-
tively, for region j, whose “molecules’ have each n, atoms
of species i with masses per mole A, and total elastic-scat-
tering cross sections 0;; N, is Avogadro’s number, and p**
is the total mass density of region j, calculated as
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where p, is the mass density of compound k, whose mass
fraction in region j is w!. In our problem, there are only
two physically different regions, namely, the surface layer
and the core of the particle, but as the electron’s projected
line of flight can cross more than once the same physical
region, different labels j in Eqgs. (1) and (2) do not neces-
sarily refer to physically different regions.

At the collision point, the atomic species i that is re-
sponsible for the elastic scattering is selected as the i for
which a random number r satisfies the relation

)

where p;= nJO'/ 2.n0, is the probability of encountering
atom j in the colhslon We assume that elastic scattering
is governed by a screened Rutherford differential cross
section
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where Z, is the atomic number of atom i, a, = 1 / me* =
5.29 x 102 cm is the Bohr radius, % _is the relativistically
correct reduced wavelength of an electron of kinetic energy E,

n
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and &, is the atomic screening parameter, parameterized as
(Newbury et al. 1986)
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An advantage of the simple functional form (6) of the elas-
tic differential cross section is that it can be integrated an-
alytically, giving the total elastic-scattering cross section
O, as

l
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and that the equation for the sampling of the scattering
angle 6 in terms of a random number r,

_2r dO'(H)
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can be solved easily, giving
cosf=1- &
1+6,—r (11)

The azimuthal angle ¢ of the scattering is assumed to be
uniformly distributed on the interval (0,27), and thus it is
sampled using a random number r very simply:

¢=2mr, (12)

Before the sampling of the electron’s direction, the elec-
tron’s kinetic energy FE is adjusted for losses due to small-
angle inelastic events that would occur on the path from the
preceding elastic collision using the Bethe stopping-power
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formula, modified for a multielement region j as (Heinrich
1981):

27re Nopj
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where p'° and A]‘F’t = Zini(-”A,- are the same as in Eq. (3),
e£=(e)"=1.166, and J.is the mean ionization potential for
atom i, parameterized as (Newbury et al. 1986)

J,=(9.76Z,+58.5Z"")x107 (keV). (14)

For the electron’s path s = X,d; from the preceding elastic
collision, where dj is the length of the path’s segment in re-
gion j, the energy is corrected as

E—E-) Sd.
7

s)

Note that here only the length of the last segment of the
path, that is, the path segment in the region in which the cur-
rent collision occurs, differs from the projected distances
5; in Egs. (1) and (2). The electron’s history is terminated
when the electron energy is less than the smallest critical
energy for the production of x-rays of interest or when the
electron escapes from the particle.

X-Ray Production

To calculate the production of the x-rays of interest, we
use the Bethe cross section for inner shell ionization (Bethe
1930):
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where E_ is the critical ionization energy for a given shell
and atom, the electron energy E is expressed in terms of an

“overvoltage” U = E/E_, n_is the number of electrons in
the shell, and b_and c are constants specific to the shell.
We consider only K-shell ionizations, for which we employ
the values ¢, = 1 and b, = 0.52+0.0029Z (Newbury et al.
1986); n,, = 2. The x-ray yield N/ due to the K-shell ion-
ization of atoms of species i along the electron’s path be-
tween two successive collisions, s = X.d., where dj is the
path’s segment in region j, is calculated as

lot (J)
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where m, and Q, are the K-shell fluorescence yield and ion-
ization cross section (16), respectively, for atom i; yj(“ isan
absorption factor, and the remaining symbols are as defined
in the preceding subsection.

For the absorption factor %m, we use the expression

r)'= exp( Zu“"(’)p?tré”}

(18)

where [/ is the length of the trajectory the x-rays would
have to traverse in region k on the way from the midpoint
of the electron path’s segment dj to a detector placed at a
given direction with respect to the incident electron beam;
1, @ is the total mass absorption coefficient in region k for
the x-rays produced by atom i, which is calculated in terms
of the mass absorption coefficients u” of atoms / as

Iot(l) ZWI(M.U;’)’
(19)

where w/® are the mass fractions of atoms / in region k.

The Monte Carlo estimates ¥ MC of the yields of the x-
rays of atoms i are obtained by accumulating the yields (17)
along the whole trajectory of the electron in the particle and
by summing these over all the N electron trajectories gen-
erated in a Monte Carlo simulation:

MC = AQ, ﬁ“ > NO(n,m).

n=l m (20)

Here, the indices » and m label the contributions N/ by the
trajectory and the straight segments defined by {WO suc-
cessive collision points of a trajectory, respectively, and
AQ) , is the solid angle subtended by the detector, which is
assumed to be 100% efficient. Relative x-ray yields are in-
dependent of the detector solid angle AQ2 , and, apart from
their statistical uncertainty, of the total number N of the
electron histories used.

Results and Discussion

The quantity of our interest is the relative x-ray yield

fi, =
Si,Al Ty, on

at a given angle © with respect to the direction of the in-
cident electron beam. Here, Y, and Y, are the yields of the
K -line x-rays of Si and Al, produced in a particle of a given
geometry and composition. Our aim was to obtain the in-
cident-electron-energy dependence of the ratio f; , . not the
absolute x-ray yields Y, and Y,; from any given sample.

We performed Monte Carlo calculations of the ratio
Jfsia for particles of several diameters in the range 0.8-3.4
um. In quartz particles of these dimensions, the ratio f ,,
has been measured at incident electron energies from 5 to
20 keV, and an aluminosilicate surface contamination re-
ported on the basis of the one-dimensional model of Wal-



V. Hnizdo and W. E. Wallace: Monte Carlo analysis of clay occlusion 267

lace et al. (1990, 1994). In the calculations, the particles
were assumed to be spherical, each with a silica (SiO,) core
of a given diameter that is coated with a clay surface layer
of a given thickness. As in Wallace et al. (1990), the com-
position of clay was assumed to have equal atomic fractions
of Si and Al, which is representative of typical alumi-
nosilicates. The basic units (“molecules”) of clay were
thus 28i0,+A1,0,. The thickness of the clay surface layer
of a model particle of a given total diameter was fixed by
requiring that the calculations adequately reproduce the
ratio f; ,, that has been measured on an experimentally
studied particle of the same “diameter” (which was, more
precisely, the particle’s average width as seen in the elec-
tron microscope).

We used the tables of Heinrich (1966) and Eq. (19) to
obtain the following values of the mass absorption coeffi-
cients for the Al and Si K -line x-rays in silica SiO, and clay
2Si0,+AL0;: uii, = 1036.7 cm?/g, ufl, = 979.2 cm*/g,
Ulica = 668.0 cm?/g and pi3,, = 1419.5 cm?/g. The mass
density of clay was calculated using Eq. (4) with the values
Pica= 2-32 g/em® and py; o = 3.97 glem?’ as p,, = 2.87
g/cm’. The values used for the critical K -ionization ener-
gies and fluorescence yields were EA' = 1.56 keV, ES' =
1.84 keV, w,,=0.040 and g, = 0.055 (Heinrich 1981).

Figures 1-5 present the Monte Carlo results (solid line)
for particles of total diameters (clay surface thicknesses)
0.8 (0.05), 1.0 (0.06), 1.5 (0.06), 2.0 (0.12) and 3.38
(0.075) um, respectively, compared with the experimen-
tal values of Wallace et al. (1990, 1994) of the ratio fSi, Al
for quartz particles of the same “diameter.” The error bars
of the experimental points are due to the scatter of the sev-
eral (~10) measurements that were taken at each energy.
In the calculations, the incident electrons were aimed at a
given particle along a line going through its center, and the
electron beam profile was assumed to be very small com-
pared with the radius of the particle. The angle of detec-
tion ® was taken as 160° with respect to the incident elec-
tron beam, but the results were found not to be sensitive
to even a relatively large variation of this angle. All these
specifications were in accordance with the experimental
conditions at which the experimental data were obtained.
No more than 10,000 electron histories were required to
be sampled at a given energy to determine the ratio fg; ,,
to a relative statistical error smaller than 1%. The Monte
Carlo calculations were performed for electron incident en-
ergies from 4 to 30 keV in steps of 0.5 keV, and the solid
lines in Figures 1-5 were obtained by a smooth interpo-
lation between these energies.

Apart from the above calculations, we also performed
Monte Carlo calculations in which we assumed that each
given particle had the compound AL O, distributed uni-
formly through its volume in such a concentration that the
ratio fg; ,, at the high incident electron energies would co-
incide with that obtained when the particle was assumed
to have an aluminosilicate surface layer. For a given ho-
mogeneous composition, the mass density was calculated
using Eq. (4), and the x-ray mass absorption coefficients
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FiG. 1 The relative x-ray yield f; ,, at a detection angle © = 160
deg versus the incident electron energy E. The full line is for a par-
ticle of a total diameter of 0.8 um, with a 0.05 pum surface layer of
clay, and the broken line is as for the full line but with AlLO, distrib-
uted uniformly through the particle’s volume at a concentration that
reproduces the yield f; ,, for the surface-layered particle at the high
energies. The points with error bars are experimental data.
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FiG. 2 As in Figure 1, but for a particle of a total diameter of 1.0
um, covered with a 0.06 pm surface layer of clay.
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FiG. 3 As in Figure 1, but for a particle of a total diameter of 1.5
um, covered with 0.06 um surface layer of clay.
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were obtained according to Eq. (19), in a manner similar
to that for the different regions of a particle with a clay sur-
face layer. The results of these calculations are shown in
Figures 1-5 by broken lines.

It is seen in Figures 1-5 that, in view of the relatively
large experimental errors (which do not include uncer-
tainties associated with the shape and size of the parti-
cles), the Monte Carlo calculations reproduce reasonably
well the measured ratio f; ,, and its dependence on the
incident electron energy. An interesting feature of the
Monte Carlo predictions for the particles of diameter
d<2 pm is a shallow minimum occurring just when a
Monte Carlo prediction starts to level off after its steep
rise at the low energies. While this feature seems to be
consistent with the present experimental data, a much
higher experimental accuracy would be needed to inves-
tigate it properly. We note that a similar minimum was
also present in the results of Monte Carlo calculations in
which the particle was schematically modeled by an in-
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FiG. 4 As in Figure 1, but for a particle of a total diameter of 2.0
um, covered with a 0.12 um surface layer of clay.
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FiG.5 As in Figure 1, but for a particle of a total diameter of 3.38
um, covered with a 0.075 pum surface layer of clay.

finitely extended planar silica slab of thickness equal to
the diameter of the particle’s silica core and with a sur-
face aluminosilicate coating of the same thickness as
that on the spherical particle.

The Monte Carlo calculations that assumed a homoge-
neous composition of the particles show almost no energy
dependence, in sharp contrast to the pronounced rise in the
ratio fg; ,, at low energies obtained in the calculations that
assumed that the particles had a clay surface layer. Here it
should be noted that only when the composition is homo-
geneous is the calculated x-ray ratio f; ,, close to the as-
sumed overall atomic ratio of Si to Si plus Al in the parti-
cle. When the aluminum resides in a surface layer only, the
X-ray ratio fg; ,, obtained at high energies is greater than that
which would be obtained for the same particle but with all
its aluminum distributed uniformly through the whole vol-
ume. A simple calculation gives the atomic ratio of Si to
Si plus Al as f gt"x“ = 1-%(/R)[1—-(t/R)+ %(t/R)?], where R
and ¢ are the particle’s total radius and surface clay coat-
ing thickness, respectively. On the other hand, the x-ray
ratio fg; ,, for such a particle is at a sufficiently high elec-

atomic

tron energy close to fg ,, = 1-%(/R), and thus f 31 =
3, Si,Al(l -2, siart 4, Szi,Al)'

Several refinements of the present Monte Carlo model
are possible. Instead of the time-honored formulae of Bethe
for the stopping power and K-shell ionization, Egs. (13) and
(16), respectively, empirical expressions for these quanti-
ties (Casnati e al. 1982, Joy and Luo 1989,) that are more
accurate at low electron energies can be employed. Effects
such as the x-ray production by fast secondary electrons
and electron backscattering from the substrate may be of
some importance for absolute x-ray yields. Recently, the
effect of fast secondary electrons on elemental x-ray mi-
croanalysis has been studied in detailed Monte Carlo cal-
culations by Gauvin et al. (1999), with a conclusion that it
is not important in relative measurements that employ
known standards.

It was felt that all such refinements should not affect sig-
nificantly the relative quantity f; ,, that was the object of
our calculation. A more realistic treatment of electron elas-
tic scattering, such as the use of tabulated Mott scattering
amplitudes instead of the simple screened Rutherford dif-
ferential cross section, was also not considered necessary
for the same reason, especially when the deviations from
the Rutherford cross section are known to be important at
lower energies and at higher atomic numbers than those rel-
evant to our study. A more complicated shape and structure
of the particles can be implemented easily in a Monte
Carlo calculation; more accurate and detailed experimen-
tal information than that presently available would be
needed to justify such a detailed calculation.

Conclusion

The Monte Carlo model of the production of x-rays in
quartz particles of respirable size validates the simple
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schematic model of Wallace et al. (1990), on the basis of
which it has been proposed that the incident electron en-
ergy dependence of the relative x-ray yield f; ,, be used as
a means of detection of a clay surface layer on the parti-
cles. We believe that the Monte Carlo model captures suf-
ficiently realistically all the processes that are important for
the relative quantity f; ,—but if more accurate and ex-
tended experimental data would warrant it, the model can
be modified easily for a still more realistic treatment and
to include effects that are presently neglected. The calcu-
lations using the model show that x-ray scanning electron
microscopy can be used to analyze the structure of res-
pirable quartz particles in much more detail than just their
bulk elemental composition.
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