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Recent measurements of complete Auger electron emission angular distributions from solid surfaces have
pointed to the need for an accurate description of Auger electron scattering at surfaces and the angular intensity
distributions which result. Presented here is a description of electron-atom scattering which includes the
effects of inhomogeneous elastic scattering as required for analysis of Auger electron emission angular
distributions from ordered solid surfaces. As a first test of the description, use is made of elastic scattering
differential cross-section measurements reported by various workers for scattering of electrons by rare gas
atoms (He, Ne, Ar, Kr, and Xe). These gas-phase data allow the elastic portion of the description to be
tested in the absence of complications due to long-range structure and multiple scattering. The resulting
simulations, which span the kinetic energy range from 50 to 100 eV, are found to be in good agreement with
the gas-phase scattering data, suggesting future applicability to solid surfaces.

Introduction

Measurements have been reported recently of complete Auger
electron angular distributions from well-characterized single-
crystal surfaces, monoatomic layers, and bilayers.1-13 Studies
of monoatomic layers indicate that intensity minima are present
along the internuclear directions.9-11,14-18 Measured angular
distributions for single-crystal samples at low kinetic energy
(KE < 100 eV) also display intensity minima along directions
corresponding to the internuclear axes.1-13 Previous work has
also revealed that a single atomic layer of iodine atoms
substantially and anisotropically attenuates the Auger intensity
emitted at 355 eV from an underlying silver monoatomic layer,
producing a distinct attenuation pattern in which the intensity
minima correspond to the internuclear directions.13 Such data
show promise for the investigation of surface structure and
electron-atom-scattering phenomena. However, in order to
utilize such data, it is necessary to have a theoretical description
which quantitatively relates electron-atom-scattering data to
surface structure and composition.
Gas-phase electron-scattering data, such as definitive results

which have been reported for the rare gases (He, Ne, Ar, Kr,
and Xe), are important to the development of an accurate
description of Auger electron scattering in the solid state because
such data allow the scattering behavior which results from single
electron-atom interactions to be examined. Particularly useful
are the measured values of the elastic differential scattering cross
sections (intensity distribution vs scattering angle)19-44 and the
total cross sections:45-49 Scattering cross sections are more
easily obtained from low pressure gas-phase data than from
solid state data because gas-phase measurements are relatiVely
uncomplicated by multiple scattering. Also, structure consid-
erations are negligible for gaseous samples, such that cross
section measurements allow the relative probabilities of elastic
and inelastic scattering processes to be evaluated, leading to a
quantitative description which conserves electrons: For ex-
ample, gas-phase scattering data for Xe show that inelastic
scattering processes contribute about 72% of the total scattering
cross section at KE) 350 eV45-49 while diffuse elastic scat-
tering and diffraction processes account for the remaining 28%.

In the present work, we offer a new phenomenological
description of electron-atom-scattering behavior which is
consistent with gas-phase experimental data and is of potential
usefulness for interpretation of Auger electron angular distribu-
tion data for solid samples.1-13 The electron is treated as a
deBroglie wave-particle,50 and each scattering atom is given a
finite representation51-54 instead of the jellium and point-charge
approximations. That is, the present description allows for the
inhomogeneity of electron scattering, in keeping with the
behavior observed recently for ordered solid samples. Assigning
a finite scattering radius to each atom maintains consistency
among all components of the calculation, leads to agreement
with the solid state experiments noted above, requires relatively
few parameters, and is consistent with first principles.55-57 The
diffraction component of this description is a straightforward
application of well-known optical modeling concepts developed
by Michelson, Huygens, Fresnel, Fraunhofer, and others,56while
the diffuse elastic component is consistent with equations
presented by Mott and Massey55 and McDanielet al.57 This
empirical description of electron-scattering distributions was
developed for use in converting electron scattering data to
surface structure, and we hope that it will be also useful to those
engaged in developinga priori theoretical descriptions of
electron scattering.

Scattering Description

The present discussion is directed primarily toward gaseous
samples with particular attention to elastic scattering. An ana-
logous description of electron-atom scattering in solid samples
will be presented in a future article. Of course, in order to arrive
at an accurate and general description of observed electron
scattering behavior in the solid state, it is essential to reproduce
both the elastic and the inelastic scattering components.
1. Elastic Scattering. The measured elastic angular dif-

ferential cross section,q(θ,φ)19-44,55,57is the sum of contribu-
tions due to diffuse elastic scatteringfE, diffraction fD, and
inelastic scattering,49 fI:

where (θ,φ) is the direction of detection.
* Author to whom correspondence should be addressed.
X Abstract published inAdVance ACS Abstracts,January 1, 1997.

q(θ,φ) ) fE + fD + fI (1)
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a. Diffuse Elastic Scattering. Diffuse elastic scattering events
are those in which the net energy transferred from the incident
electron to the atom is negligible but coherent scattering is not
observed, Figure 1A. Diffuse elastic scattering is thought to
originate from shape resonance, core-excitation resonance, and
electron-exchange and related processes, the experimental and
theoretical “genealogy”57aof which is discussed in refs 55 and
57.
Diffuse elastic intensity is concentrated at small scattering

angles and is described by the diffuse elastic scattering intensity
function fE:

whereφs is the polar angle of scattering;A andB describe the
KE-dependent amplitude and distribution width of diffuse elastic

Figure 3. Elastic differential cross section data for krypton at 100 eV
compared with the diffuse scattering and diffraction components of
the description. Data (individual points) are from sources indicated in
Figure 5. The linear display (A) illustrates that the diffuse component
predominates, and its morphology differs from that of diffraction. The
diffracted intensity is relatively small, but can be seen more clearly
when the data are displayed on a log scale (B).

Figure 1. Schematic illustrations of the diffuse (A) and diffraction
(B) portions of the electron-atom-scattering model for gaseous samples.
The diffuse elastic scattering component (A) statistically disperses
intensity without retention of phase information. The diffraction
component of the description (B) preserves phase relationships
throughout the scattering process by distributing a spherical Huygens
wavefront uniformly upon the surface of the scattering atom with an
effective diffraction radius,rDn. The secondary wave amplitudes are
summed at the detector plane, where they interfere, producing a
diffraction pattern. Summing the diffuse and diffraction components
gives the observed angular variation of scattered intensity, the elastic
differential scattering cross section.

Figure 2. Graphs of diffraction functions for a single sphere of
secondary waves having a radiusrDn ) 1.5 Å. (A) Elastic amplitude
phase-components, or phasors, from eq 4. (B) Diffraction amplitude
functionADn from eq 5 and intensity functionfD from eq 3.

fE(φs) ) A exp(-φs/B) + C exp[-(π - φs)
4/D] (2)
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forward scattering by a specific element, respectively; andC
andD describe the amplitude and distribution width of diffuse
elastic backscattering, Figure 1A.
b. Diffraction. Diffraction events are those in which the

phase relationships are preserved throughout the scattering
process, Figure 1B. The diffraction intensity functionfD is given
(according to the Born interpretation) by

wherekDn is an empirical constant which describes the diffracted
intensity from the nth shell. In the present work, one shell was
employed to describe He (n ) 1), while two shells (a “core
shell” and a “valence shell”) were used for Ne, Ar, Kr, and Xe
(n ) 1 and 2). The phase amplitude of the diffracted electron
wave in a specific direction of scatteringADn is represented as
the sum of all secondary waves on the Huygens wave front:

whereφS is the polar angle of detection,ψj is the final detected
phase distance for thejth secondary wave, andNW normalizes
the sum by the total number of secondary waves used to
compute the spherical deBroglie wavefront. The summations
in eq 4 define the amplitude integral over the wavefront, and
the integral can be written in closed form:

Figure 4. Linear plots of experimental differential cross section data (individual points) and the present description (heavy solid lines) for the rare
gases. Note that most of the elastic scattering events result in relatively small scattering angles, especially at higher KE. (Data sources are noted
in Figure 5.)
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whererDn is the radius of the sphere of secondary waves. The
expression|(sinx)/x| in eq 5 arises frequently in optics and is
denoted “sincx”.61 The wavelength of the electron is given by
de deBroglie relationship:

whereh is the Planck constant,me is the electron mass, andV
is the electron velocity. The phase distance from the plane of
incidence to the spherical scatterer is

where (θj,φj) in Figure 1B is the location of thejth
secondary wave origin on the spherical wave front. The
phase distance from the origin of each secondary wave to the

detector plane is

The final, detected phase is

Graphs of the diffraction phasors,∑jcosψj and∑jsin ψj, the
diffracted amplitudeADn, and the diffracted intensityfD
are shown in Figure 2. The algorithm represented by eqs
3-9 is the electron scattering analog of the Huygens-Fresnel
principle.59-60

c. Summation of Diffuse Elastic Scattering and Diffraction.
The summation of diffuse elastic scattering and diffraction as
described in eq 1 gives the observable elastic differential cross
section, Figure 3A. The diffracted intensityfD is relatively
small, but can be seen when the data are displayed on a
logarithmic scale, Figure 3B. In diffusion,fE accounts for most
of the elastic scattering, Figures 4 and 5. The morphology of
diffuse elastic scattering is qualitatively different from that of
diffraction, Figure 3. AlthoughfD andfE are depicted separately
to facilitate visualization, this does not imply that diffraction
and diffuse elastic scattering are separablea priori.
2. Inelastic Scattering. Inelastic scattering here denotes

those scattering events in which energy transfer is sufficiently
large that the scattered electron is excluded by the energy filter
of the detection system. Inelastic scattering affects the final
observed elastic amplitude by attenuation and is the most
prominent mode of scattering. Measurements of the total
electron scattering cross sections of rare gas atoms reported by
various laboratories45-49 reveal a substantial KE dependence.
For example, Figure 6 summarizes the values reported for
Xe.45-49 Note that inelastic processes (such as electronic
excitation and ionization) constitute 70-88% of the total cross
section of Xe in the 50-1000 eV KE range. Therefore, an
accurate representation of the KE dependence of the total
inelastic and elastic cross sections is essential to a quantitative
description of electron-atom scattering. Fundamental discus-

TABLE 1: Electron-Atom Scattering Parametersa

KE,
eV 50 100 200 300 400 500 700 800 1000

Helium
A 0.97 0.82 0.65 0.52 0.416 0.365 0.32 0.305 0.269
B 20 16 14 12.71 11.73 10.93 9.78 9.4 8.7
C 0 0 0 0 0 0 0 0 0
D 1000 1000 1000 1000 1000 1000 1000 1000 1000
kD1 0.06 0.028 0.008 0.003 0.0007 0.0007 0.0007 0.0007 0.0007
rD1 0.18 0.17 0.14 0.11 0.09 0.084 0.0773 0.075 0.069
kD2 0 0 0 0 0 0 0 0 0
rD2 0 0 0 0 0 0 0 0 0

Neon
A 1.5 3.29 3.69 3.75 3.7 3.6 3.34 3.16 2.8
B 16 11.9 10.6 9.9 9.4 8.9 8.4 8.2 8
C 0.45 0.3 0.085 0.022 0.003 0.0013 0.0007 0.00062 0.00023
D 5.8 10 18.8 30.2 46.8 74.1 186 295 692
kD1 0.5 0.32 0.05 0.02 0 0 0 0 0
rD1 0.55 0.383 0.267 0.21 0.173 0.152 0.13 0.126 0.12
kD2 0 0.02 0.04 0.035 0.028 0.022 0.0151 0.0142 0.014
rD2 0.27 0.23 0.16 0.122 0.096 0.084 0.0773 0.075 0.069

Argon
A 11 18 21 20.2 19.2 18.6 18 17.5 17
B 8.2 7.3 6.58 6.3 6.08 5.87 5.64 5.6 5.6
C 0.7 0.5 0.15 0.06 0.042 0.03 0.015 0.011 0.007
D 0.6 1.66 5 12 25.7 42.7 117 182 500
kD1 4.5 2.5 0.8 0.04 0.02 0 0 0 0
rD1 0.81 0.69 0.53 0.45 0.404 0.38 0.34 0.32 0.293
kD2 0 0.05 0.111 0.13 0.13 0.10 0.0916 0.082 0.0773
rD2 0.329 0.28 0.22 0.184 0.16 0.147 0.135 0.132 0.13

Krypton
A 30 32 29 27 27 27 27 27 27
B 7.8 6.48 5.8 5.54 5.36 5.2 5 5 5
C 1 0.721 0.365 0.225 0.169 0.14 0.14 0.14 0.14
D 0.3 0.38 0.56 0.8 1.1 1.6 2.8 3.6 6
kD1 7 4.5 2.7 1.7 1 0.81 0.6 0.52 0.4
rD1 0.96 0.84 0.67 0.58 0.52 0.47 0.41 0.39 0.36
kD2 0.1 0.156 0.273 0.39 0.5 0.543 0.5 0.466 0.4
rD2 0.55 0.49 0.393 0.345 0.307 0.28 0.249 0.24 0.224

Xenon
A 39 60 65 61.3 55.4 52 49 49 49
B 6 5.3 4.58 4.27 4.13 4.09 4 4 3.96
C 2.4 1.1 0.5 0.3 0.237 0.22 0.22 0.22 0.22
D 0.2 0.2 0.222 0.249 0.296 0.36 0.542 0.684 1
kD1 8.44 6.5 4.5 3.2 2.27 1.8 1.15 0.99 0.9
rD1 1.3 1.11 0.85 0.73 0.64 0.58 0.489 0.453 0.41
kD2 0.4 0.6 0.96 1.51 1.88 1.97 1.88 1.69 1.2
rD2 0.73 0.64 0.5 0.45 0.41 0.38 0.351 0.343 0.33

aUnits of the above quantities are forA, C, kD1, andkD2, cm2/sr;B,
degrees;D, (degrees)4 × 106; and rD1 and rD2, Å. The quantum
mechanical radii53,54 of He, Ne, Ar, K, and Xe are 0.31, 0.71, 0.98,
1.12, and 1.31 Å, respectively. van der Waals radii: 0.93, 1.12, 1.54,
1.69 and 1.90 Å.

λ(Å) ) h
meV

) h

(2meKE)
1/2

) [ 150.4
KE(eV)]1/2 (6)

oψj ) 2π
λ
(1+ cosφI)rDn (7)

Figure 6. Experimental total electron-atom-scattering cross sections
for xenon in the 0 to 1000 eV kinetic energy range.45-49 As can be
seen, electron-Xe scattering is dominated by inelastic processes at KE
above∼30 eV.

sψj )
2πrDn

λ
(1- cosθjcosφs - cosθjsinφjsinφs) (8)

ψj ) oψj + sψj (9)
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sions of this point are given in refs 55 and 61. In the present
work, the inelastic scattering function was not allowed to vary
(fI ) 0). The important role played by inelastic scattering in
angular distributions from ordered solid samples1-13 will be
discussed in a future paper.

Comparison of the Scattering Description with Gas-Phase
Data

Experimental measurements of the elastically scattered in-
tensity which results when a collimated beam of electrons
impinges upon a gaseous sample of He, Ne, Ar, Kr, or Xe are
shown in Figures 4 and 5 (individual points). Specifically, the
figures show the distribution of scattered intensity vs scattering

angle, the “elastic differential cross section,”q(φS), for typical
electron kinetic energies. The data are graphed as originally
reported, except for conversion to common units (cm2/sr). The
heavy solid lines depict elastic scattering differential cross
sections calculated using the scattering model presented here.
The shaded lines in Figures 4 and 5 are graphs of model
calculations previously tabulated by other workers, as identified
in their captions.
As can be seen from the figures, the degree of agreement

between the experimental elastic differential cross sections and
the model calculations is encouraging. The data clearly show
that the elastically scattered intensity is concentrated at small
scattering angles (the “forward direction”,φS < 25°), and the

Figure 7. Graphs of model electron-atom-scattering parameters:A, the elastic forward scattering amplitude parameter,B, the elastic forward
scattering distribution width parameter,C, the elastic backscattering amplitude parameter;D, the elastic backscattering distribution width parameter;
kDn, the diffraction amplitude parameter; andrDn, the effective diffraction radius. Open circles indicate instances in which the contribution due to
a particular component, such as backscattering by He, is vanishingly small and thus the corresponding parametric values (such as those ofD) are
indeterminate.
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diffraction features represent only a small fraction of the total
intensity. That is, small-angle diffuse elastic scattering pre-
dominates, although diffraction effects can be seen more clearly
when the data are shown on a logarithmic scale, Figure 5.
Scattering parameters for the rare gases as a function of target

atomic number (Z) are listed in Table 1 and graphed in Figure
7. The parametric quantities employed in the calculations vary
smoothly with KE andZ. Some useful trends are seen: The
elastic forward scattering intensity parameter (A) increases with
increasingZ (for elements within the same periodic group) and
A increases with KE to a maximum at about 200 eV, after which
it declines steadily. Elastic scattering is concentrated at the
smaller scattering angles with increasing KE andZ, as seen in
the elastic forward scattering distribution width parameterB.
The diffraction amplitude parameterkDn and the diffraction
radius parameterrDn both increase with increasingZ and
decrease with increasing KE. The trends inrDn mirror those
observed for other types of “atomic” radii, including van der
Waals and quantum mechanical radii,53,54 Table 1.

Summary and Conclusions

A description of electron-atom scattering has been presented
which accurately reproduces observed elastic differential scat-
tering cross sections for the rare gases.
This description combines conventional optical modeling

approaches56 with recent theoretical developments in the
understanding of electron behavior.50 Looking toward future
applications of the model to crystalline solid samples, mono-
layers, and thin-films, scattering atoms were given finite
radii, thus allowing the geometry of the scattering process to
affect the calculated distribution. In particular, the point-charge
and jellium approximations were not invoked.51 The model
allows for the effects of inhomogeneous electron scattering, as
required for analysis of Auger electron emission angular
distributions from ordered solid surfaces.1-13 The computations
are straightforward and are readily implemented with a personal
computer.
The elastic scattering processes were deconvoluted from the

other processes by taking advantage of the absence of geometric
structure in gas-phase electron-atom-scattering experiments.
The elastic portion of the description was tested in the 50-
1000 eV KE range using published electron-scattering data for
the rare gases.19-49 Excellent agreement with experiment is
found. Relatively few parameters are required and each
parameter represents a specific property of electron scattering.
The numerical values of the parameters vary smoothly with KE
andZ. Accordingly, the description has potential usefulness
for analysis of electron scattering behavior at surfaces and for
probing surface structure and composition.
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