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a b s t r a c t

The measurements of energy loss distributions obtained in electron scattering experiments at high
momentum transfer are presented for Xe, Ar and methane. The spectra show a large variety of inten-
sity distributions, clearly different from those obtained in measurements at the dipole limit. The fraction
of the intensity present in the energy loss distribution compared to the elastic peak is significant, but is
in line with the reduction of the elastic cross section due to absorption. It is argued that, if similar effects
are present in the condensed phase, they should be dealt with in any quantitative analysis of electron
transport in matter, as is often done using Monte Carlo simulations. This argument is worked out in some
detail for Reflection Electron Energy Loss Spectroscopy.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Simulation of the trajectories of energetic electrons in matter is
a subject of considerable importance. It is used to interpret elec-
tron spectroscopy and electron microscopy data, electron probe
microanalysis, design radiation treatment conditions, etc. For an
overview of these simulations in the context of surface science see
[1,2]. In these simulations the transport problem is generally seen as
being governed by two ‘independent’ processes: elastic and inelas-
tic scattering. The first process changes the propagation direction
of the electron due to its interaction with the (screened) electro-
static field of the nucleus. These processes involve no, or very small
energy transfers. The second process is due to electronic excita-
tions created by the fast projectile. Its primary effect is a reduction
in energy, and for electrons with energies of 1 keV and above the
accompanying deflections are small, and these deflections can be
neglected relative to those due to elastic scattering. Within this
framework one can then subdivide the electron transport problem
in two parts: elastic and inelastic scattering. For example, if one
studies energetic electrons reflected from a surface, then the dif-
ferential elastic scattering cross section determines the length of
the trajectories below the surface. For a group of trajectories with
equal length the inelastic cross section determines which fraction
of this group appears without energy loss, and which fraction after
1, 2, 3, . . . energy loss events.

∗ Corresponding author. Tel: +61 2 6125 4985.
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In atomic physics it was established quite a while ago, that there
is a finite chance that the electron loses energy while it is being
deflected by a nucleus. This reduces the intensity of the zero-loss
electrons measured at a certain scattering angle, i.e. the differential
elastic scattering cross section is reduced. This reduction is referred
to as ‘absorption’. When measuring the elastic peak these electrons
appear ‘absorbed’ by the atom. In reality very few electron will form
a negative ion (in particular if the electron energies are far above
the threshold for electronic excitations), so the absorbed electrons
will in fact reappear, but at a lower energy.

For low-energy projectiles the momentum transfer, due to
inelastic excitations, can be such that the direction of propaga-
tion changes significantly. Thus in that case a first-order inelastic
process can result in scattering intensity at non-zero energy loss
at any angle. For energies of 1 keV, and above, the momentum of
the projectile is so large, compared to the momentum transfer due
to electronic excitations, that it is very unlikely that an electronic
excitation causes a deflection over say 45◦ or more. Thus intensity
of high-energy electrons at large scattering angles and non-zero
energy loss (in practise this intensity is measured by comparison
to the intensity of the elastic peak at zero energy loss) is always
due to higher order processes. In this work we will investigate if
we can obtain information about the absorption process by study-
ing the non-zero loss intensity of keV electrons scattering from a
gas-phase target over angles of 45◦ and more. We will discuss the
implications of these measurements for the simulation of electron
transport in matter.

The largest possible momentum transfer due to electron–
electron collisions is near the ‘Bethe ridge’. At 45◦ scattering angle
the Bethe Ridge corresponds to the projectile losing half its energy.

0368-2048/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
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None of the experiments reported here are close to the ‘Bethe ridge’.
For backwards angles the ‘Bethe ridge’ does not exist as it is kine-
matically impossible to scatter over more than 90◦ from a particle
of equal mass. Thus none of the intensity in the spectra reported
here is due to simple binary electron–electron collisions.

Elastic scattering is a first order process: the electron interacts
with the electrostatic field of the atom (static field approximation),
a model that can be refined by including exchange (static exchange
approximation). At low and intermediate energies higher order
terms become important. For small atoms and at low energies the
problem can be solved by considering all possible excitations and
solving a set of closed coupling equations [3]. At high energies, and
for heavy atoms this is computationally too difficult and the prob-
lem is usually attacked using a phenomenological optical potential
[4,5]. This potential is complex, resulting in a loss of intensity of the
elastically scattered electrons, which corresponds to the absorption
mentioned above.

Several programs include absorption as an option for calculat-
ing differential elastic scattering cross sections of atoms. We use
ELSEPA by Salvat et al. [6], and the absorption part of the program
is described extensively in ref. [5]. Other approaches exist, e.g. see
ref. [7]. The experimental validation of these approaches is usu-
ally the comparison with the absolute measurement of the elastic
peak intensity as a function of scattering angle as was done for
noble gases, see e.g. [8,9]. The calculated cross sections with and
without absorption are plotted in Fig. 1 for the case of 1 keV elec-
trons scattering from Xe. Clearly the reduction is for large angles of
the order of 30%. Of course the cross section is small here, but in
many experiments, such as Reflection Electron Energy Loss Spec-
troscopy (REELS) and Elastic Peak Electron Spectroscopy (EPES) we
measure electrons that have scattered over large angles. For quan-
titative interpretation of these experiments absorption could thus
be significant. Absorption is mainly important for large-angle scat-
tering events. In these large q collisions one probes the solid over a
distance of the order of 1/q and the scattering intensity originates
from near the nucleus. (Classically this corresponds to small impact
parameter collisions. Then the electron approaches the nucleus
closely, and solid state effects are generally small near a nucleus.)
Thus one would expect absorption to be very similar in the gas-
phase and in condensed matter scattering events. This is in strong
contrast to polarisation, a process that has a strong effect on the
cross section for small angle (small q or classically a large impact
parameter) collisions, and is expected to be very different in the gas
and condensed phase.

In these calculations there is no information about the amount
of energy that is lost by the scattering electron due to ‘absorption’.
Here we investigate if we can obtain information about this by
simply assuming that the direction of the electron did not change
due to the electronic excitation created, and hence the integrated
intensity away from the elastic peak divided by the total area is the
fractional reduction of the elastic differential cross section due to
absorption. This is certainly an approximation, and we will investi-
gate if the results obtained in this way corroborate this assumption.
In practice we measure only a finite energy loss window, so the
intensity obtained is only a lower limit of the absorbed part of the
signal.

2. Experimental details

The experimental setup is described in some detail elsewhere
[10]. An electron beam with an energy E0 between 1 and 6 keV inter-
sects an atomic beam introduced through a needle into the vacuum
chamber. An electron gun is positioned at either 45◦, 90◦ or 135◦

with respect to the analyzer. The analyzer has a slit lens allowing
a range of angles to be decelerated and focussed at the entrance

Fig. 1. Calculated cross section with and without absorption for 1 keV e− scatter-
ing from Xe (top panel). The lower panel shows the fractional reduction of the
differential elastic cross section due to absorption.

plane of a hemispherical analyzer. It operates at a pass energy of
200 eV. At the exit plane we have a two-dimensional detector con-
sisting of a Chevron channel plate pair and a resistive anode. This
setup allows us to measure an energy window of ≈20 eV simul-
taneously. The potential of the hemisphere is slowly scanned and
in this way spectra can be measured over a larger energy range,
and the results are compensated for uneven response of the chan-
nel plates. The spectrometer was designed to study recoil effects
for electron scattering from light atoms (see ref. [10]) but these
effects play a negligible role here. For most of the scans a Ta anode
was used in the electron gun, with an effective beam current of
1 �A resulting in an overall energy resolution of 0.7 eV. Some scans
used a BaO anode, operating at a lower temperature and in this
way we can obtain energy resolution of 0.5 eV, using beam cur-
rents around 250 nA. Each measurement consisted of a signal run
and a background run. During the signal run the gas was directed
through the needle, ending just below the interaction region. Dur-
ing the background run the gas entered the chamber far away from
the interaction region. The result presented here are the difference
between signal and background run. Counts in the background run
are mostly due to the halo of the electron beam hitting the needle,
and interaction with the background gas. Data collection for a given
E0 and scattering angle typically takes several days.
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3. Results

3.1. Experimental data

Spectra obtained for Xe at different angles and energies are
shown in Fig. 2. Not all measurements were done over the same
scan range. Measurement times were different, and the number of
true counts in the elastic peak ranges between 106 and 107. For easy
comparison all elastic peaks were normalised to 106counts, and the
zero of the energy scale was taken at the maximum of the elastic
peak. For a resolution of 0.7 eV and a step size of 0.1 eV this means
that the top of the elastic peak is near 1.1 × 105 counts. The inelas-
tic signal is, at any given energy, roughly 1000 times smaller than
the maximum elastic signal strength. For this reason it is essen-
tial to have two-dimensional detection in the analyzer, in order
to limit the data-acquisition time for each measurement to a few
days or so. In the following we give a qualitative description of the
obtained data. There exists however, extensive literature of atomic
physics studies of electron scattering at or near the dipole limit
(zero momentum transfer), often employing much better energy
resolution as under these conditions the cross sections are much
more favourable. We will refer to examples of this literature to
indicate which aspects are the same at low and at high momen-
tum transfer, but we do not pretend to give a complete review of
the literature of electron scattering at or near the dipole limit.

The spectra can be divided into different regions according to
which shell contributes most to the loss features. It turns out that
the relative intensity of the different regions varies substantially
with the scattering conditions. The outermost electrons of Xe have
a binding energy of 12.1 eV (5p3/2) and 13.4 eV (5p3/2). The first
feature in the loss spectrum is due to creation of a discrete state
(Rydberg state) near 8.5 eV energy loss, followed by at least two
more discrete states. Excitation to the continuum (‘ionisation’) of
the 5p3/2 electrons becomes possible above 12.1 eV energy loss.
At lower momentum transfer these spectra have been measured
before at much higher energy resolution and then many more states
are resolved, see e.g. [11].

The next discrete state is near 20.5 eV, and will be due to exci-
tation of a 5s electron (binding energy 23.3 eV). In the dipole
limit these 5s-related structures are not visible [12]. The intensity
increase in the loss spectrum around these energies is partic-
ularly strong at the smallest angle of 45◦ studied here, and at
lower energies. Then, although the momentum transfer and scat-
tering angle are small (in the context of this paper) the dipole
forbidden transitions are seen most clearly. This is an intriguing
fact.

With increasing energy loss the intensity of the loss spectrum
decreases until new discrete states are observed at 66.3 and 68.3 eV.
These discrete states are associated with the excitation of the 4d5/2
and 4d3/2 electrons (binding energy 67.5 and 69.5 eV). These dis-
crete states are followed by a very broad peak due to excitation of
these 4d electrons to the continuum, which is enhanced due to the
presence of unoccupied 4f levels. Both the discrete states and broad
peak are known from lower momentum transfer measurements
[13]. Near 145 eV the 4p electrons could come into play, but we
have not seen any clear evidence of discrete states associated with
these electrons, but the significant intensity above 140 eV makes it
likely that these electrons contribute as well.

In principle there are two ways that intensity at non-zero energy
loss can be produced. The electronic excitation can occur in the
atom that scatters the electron elastically, or the excitation can
happen due to inelastic scattering at a different atom, before or
after the elastic deflection. Fortunately it is easy to distinguish
between these two possibilities. Increasing the gas flow through
the needle (as can be monitored by observing the pressure in

Fig. 2. The spectra obtained at three different scattering angles, for the energies
as indicated. The elastic peak was normalised, for convenience, to 106 counts in all
cases. A Ta emitter was used in these cases and the energy resolution was approxi-
mately 0.7 eV.
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Fig. 3. The intensity of the loss feature at two different operating pressures. The
elastic peak area is in both cases normalised to 106 counts. (E0 = 4 keV, � = 45◦)

the chamber) will increase the density of atoms in the interac-
tion region and hence increase the probability that an elastically
deflected electron interacts inelastically with another Xe atom. The
results in Fig. 3 show that the intensity of the loss feature (and
its shape) is independent from the Xe flow rate. Moreover for pro-
cesses involving two atoms it would be very hard to explain why the
shape of the loss distribution depends so strongly on the scattering
angle.

These findings are not restricted for Xe. We repeated the exper-
iment with Ar and CH4, and these results are shown in Fig. 4. For Ar
the low loss region resembles that of Xe, although the exact peak
positions are different. Again the intensity due to the outermost
level (3p) increases slower with decreasing E0 than the intensity
due to adjacent 3s electrons. The outermost core levels for Ar are
the 2p levels near 250 eV. Here we see a sudden increase of inten-
sity, with signs of 2 discrete levels with minor intensity. For Xe we
did not see a such a clear fingerprint of contributions due to its 4p
electrons (binding energy ≈146 eV) but a similar step as due to the
Ar2p electrons is probably hidden by the decline of the peak related
to the excitations of 4d electrons, which is centred around 105 eV.

Methane is a molecule with a closed shell configuration. Spectra
obtain for methane resemble the energy loss structures for Xe and
Ar. There are two onsets, at slightly lower energy than the 2 valence
band orbitals (1t2 at 14 eV and 2A1 at 23 eV). Again in energy loss
measurements near the dipole limit the second onset, related to an
orbital with s symmetry, is not evident [14]. The carbon K region
was studied in a separate run. Its results are shown as an inset in
Fig. 4. Two strong peaks are observed. The first one, near 287 eV is
seen in high-resolution dipole work as a very weak feature [15] and
is associated with the dipole forbidden 1s → 3s transition. Again it
is a relatively strong feature in the current study. The second strong
feature, near 288 eV, corresponds to the 1s → 3p transition and is
also a dominant feature at low momentum transfer [15].

Some of the measurements were repeated using a BaO cathode.
Due to its lower operating temperature the electron beam pro-
duced by a BaO cathode has a smaller thermal spread. Hence the
resolution of the experiment increased from 0.7 to 0.5 eV FWHM,
as obtained from the width of the elastic peak. Results for the
low loss region are shown in Fig. 5. It shows the discrete states
mentioned in the text more clearly. Notice also the dip in the spec-
trum before the discrete state related to the s levels. These discrete

Fig. 4. Spectra for electrons scattered over 45◦ from Ar and methane.

states are auto-ionising as they are degenerate with p electrons
excited to the continuum. Interference between these channels
causes the Fano line-shapes [16] with the characteristic dip before
the peak. Using a small scattering angle (3◦) and lower energies
(30–500 eV) these states were investigated at high resolution by
Yuan et al. [17]. Their spectra showed large variations in intensities
and shapes, and extrapolating to our measurement conditions is
non-trivial.

3.2. Intensity of loss spectra

Now we want to compare the area in the zero loss peak I0
with the total area at non-zero energy loss features Iloss. Ideally the
measurement would extend over all kinetic energies, but with our
spectrometer we are limited to a range of 200 eV or so. In Fig. 6 we
plot the fraction of the intensity that is in the loss area integrated
from 8 to 190 eV for Xe. Clearly this fraction reduces with increas-
ing energy, but it seems to be fairly independent of the scattering
angle.

We assume that the intensity at non-zero energy loss is a con-
sequence of absorption. In a somewhat naive model we can then
compare the normalised difference between the calculated elastic
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Fig. 5. Low energy loss region of Ar and Xe as measured with a BaO cathode, at
energies as indicated. All spectra are normalised such that the elastic peak area is
106.

cross section with and without absorption with these data. Thus

(d�/dω)no abs − (d�/dω)abs

(d�/dω)abs
= Iloss

I0
(1)

These values, obtained from ELSEPA are also plotted in Fig. 6. The
calculated difference depends in a similar way on E0 as Iloss/I0. Also
the calculated ratio seems to be fairly independent of the scatter-
ing angle. The measured values need to be multiplied by a factor
between 2 and 2.5 to fall on the calculated ratio. This is due, at
least in part, to the fact that we measured only over a finite energy
loss range. Unfortunately the spectrometer is not built for measure-
ments over all energies.

There are some complications that put doubt on the simple
interpretation sketched above. For example, the total elastic cross
section without absorption, �el

no abs
is not equal to the total elastic

cross section including absorption �el
abs

plus the absorption cross
section �abs, as calculated by ELSEPA. However, the fairly constant
fractional reduction of the cross section (see Fig. 1) for large scat-
tering angles corresponds fairly well to the ratio of �abs and �el

abs
.

Another possible complication is that absorption processes may

Fig. 6. A comparison for Xe of the fraction of the intensity at non-zero energy loss
(integrated from 8 to 190 eV) and in the elastic peak with the fractional reduction
of the elastic cross section due to absorption.

not just shift intensity away from zero energy loss, but may also
influence the angular distribution, even at these high energies.

4. Implications for Monte Carlo simulations

In the previous section we outlined the case that information
about absorption on elastic scattering can be obtained by studying
large-angle scattering events in the gas-phase. These measure-
ments provide information about the microscopic picture required
to describe absorption fully quantitatively, not just how many elec-
trons lose energy while scattering elastically, but also how much
energy is lost and which shells contribute to absorption.

Here we want to focus briefly on what this means for electron
transport simulations in solids. We assume, as these collision con-
ditions involve large momentum transfer, that these collisions are
very localised to the nuclear region, and hence that elastic deflec-
tions in condensed matter are similarly affected by absorption. In
the literature there has been a discussion on whether the differ-
ential elastic scattering cross section that should be used in solids
should include absorption or not (e.g. [2]). The answer will depend
in part on which aspects are important (e.g. only elastic peak is
measured as in EPES, only small angle scattering is important as
in transmission electron energy loss spectroscopy). In some cases
inclusion of absorption will entail more than just a change in the
differential elastic cross section. To be concrete we now focus in
some more detail on the case of REELS.

In REELS one often separates the elastic and inelastic part of
the problem. If one is interested in the energy loss spectrum over
a range that is small compared to E0, then one can assume that
the differential elastic scattering cross section is constant over the
energy range of interest. One simulates, using Monte Carlo tech-
niques, the length of the trajectories using elastic scattering cross
sections, and subsequently calculates, based on the mean free path
the probability that the electron made 0, 1, 2, . . . n inelastic excita-
tions (in addition to possible surface excitations, which we neglect
here to keep the discussion simple). In these experiments all elec-
trons detected have been scattered at least once over a significant
angle. For these angles, as we have seen, the probability of energy
loss due to absorption is significant (�30% at 1 keV for scattering
from heavy atoms). Hence absorption could be an additional cause
of the intensity at non-zero energy loss.
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Without absorption the Monte Carlo procedure is straight for-
ward. We have �el = 1/n�el with n the atomic density and �el the
total elastic cross section. Based on �el we choose the path length
to the next deflection. Then based on the differential cross section
d�/d˝(�) we use a Monte Carlo method to choose the next deflec-
tion. This procedure is repeated until an end condition has been
reached.

If one wants to include absorption in a Monte Carlo procedure,
we have to be a bit more careful, and we suggest the following pro-
cedure: Let �in

el
and �ex

el
be the elastic cross section including and

excluding absorption. The mean distance between deflections by
nuclei (either with or without energy loss) is then �el = 1/(n�ex

el
).

Subsequently one uses Monte Carlo method to select a scatter-
ing angle based on the shape of d�ex

el
/d˝. Then from the ratio of

d�ex
el

/d˝ and d�in
el

/d˝ at that angle � one uses Monte Carlo proce-
dure to select if or if not energy was lost due to the deflection. For
example, if absorption reduces the cross section by 30% then in 3
out of 10 cases energy will be lost during the deflection. If energy
is lost then one uses Monte Carlo technique to choose a value of
the lost energy from an appropriate distribution. Subsequently one
proceeds with the next deflection, summing all energy loss events
due to elastic deflections for a given trajectory. This energy loss is
in addition of the energy loss due to the inelastic mean free path,
which still has to be calculated in the conventional way. The energy
loss due to absorption distinguishes itself from other inelastic losses
in that it is strongly correlated with large-angle elastic deflections.
It is thus not possible to describe these loss effects satisfactorily by
just modifying the inelastic mean free path and/or the loss function.

The unresolved problem in the procedure sketched above is the
‘appropriate energy loss distribution’. As we have seen for Xe its
shape depends on the deflection angle, and currently there is no
theoretical recipe for obtaining this distribution. For most elements
one can not easily determine these shapes experimentally. As these
losses are much more localised than the inelastic energy loss pro-
cesses in a solid, we have no reason to assume that the inelastic
loss function is a good estimate for the absorption losses. Indeed
for Ar and Xe the losses due to absorption extend well beyond
100 eV where, for example, the ‘universal loss function’ proposed by
Tougaard [18] to describe inelastic loss distribution becomes very
small at these energies.

Another indication that the picture sketched here is too simple
is the fact that at forward angles the elastic differential cross section
with absorption can be slightly larger than the one without absorp-
tion (see Fig. 1). A satisfactorily description of this phenomenon
requires a more formal quantum-mechanical approach.

5. Conclusion

This paper is an exploratory study of the intensity distribution
at non-zero energy loss that can be observed in high-momentum-
transfer scattering experiments. The fractional changes in this
intensity with E0 resembles the dependence of ‘absorption’ on
energy. As only a limited energy loss range is studied we can not
say if the fraction of the intensity at non-zero energy loss is equal to
the fractional reduction of the DCS due to absorption. Decrease of
intensity with increasing energy loss is slow, hence it is conceivable
that the measured intensity for a measurement extending over all
energies would approach the reduction in the elastic cross section
due to absorption as shown in Fig. 6. We would not like to suggest

different values of Aabs the empirical constant that determines the
absorption strength in ELSEPA.

To our knowledge very little theoretical work exists on the
energy loss of electrons scattering at high-momentum transfer. A
different approach can be found in the work of Hidalgo and Geltman
[19] on the intensity at large scattering angle for electrons scatter-
ing from helium. They treated the outgoing electrons as a Coulomb
wave, and include the influence of the nucleus in this way. The prob-
ability of exciting discrete final states is then calculated in the first
Born approximation. This leads to much more intensity in these
excited states at large scattering angle, compared to calculations
using plane waves for the outgoing electron.

The measured spectra display a myriad of shapes, and if it
becomes possible to develop a quantitative theory for these scat-
tering experiments, then measurements, as described here, will be
of great value to test these calculations. For now our description
has been rather qualitative, focussing mainly on the differences in
shape as seen here, and in the dipole limit.

We believe however, that with increasing sophistication of
Monte Carlo simulations for electron transport in solids, and
more detailed comparison between experiment and simulations,
it is timely to start investigating if absorption effects have to be
taken into account, if comparison between simulation and theory
approaches a quantitative level, as was the case in recent REELS
studies (see e.g. [20]), especially for studies dealing with high-
Z materials. This paper gives some experimental input to open a
discussion addressing this problem.
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