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Abstract

The measurement of the energy loss spectra of energetic electrons scattered from Xe over large
angles is reported. The incoming energy was chosen between 600 eV and 1550 eV. The
calculated Xe elastic scattering cross section has a sharp minimum for 750 eV electrons near
135°. This minimum is confirmed by studying a Xe—H, mixture and separating their elastic
peak based on the recoil effect. The energy loss part of the Xe spectra is rich in structure.
Surprisingly the shape and intensity (relative to the elastic peak) changes dramatically if one
approaches the scattering conditions for which the elastic cross section has a minimum. These
observations are rationalized by describing the inelastic intensity semi-classically, as a
consequence of a two-step process occurring at the same atom involving scattering from the
nucleus and an electronic excitation. The change in shape of the loss spectra is attributed to a
large increase in relative intensity of the dipole-forbidden transitions near sharp minima in the

elastic cross section.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Electron scattering from atoms is usually divided into elastic
scattering and inelastic scattering. In the former the electron
exchanges momentum q with the atom, and is deflected with
no or very small energy loss. In the latter the scattered electron
changes the electron configuration of the scattering atom,
without transferring momentum to the nucleus. This simple
picture may describe adequately the intensity observed at small
momentum transfer, but predicts that the inelastic energy loss
features should be virtually absent at large momentum transfer,
as there is only a finite amount of momentum that can be
absorbed by an electronic excitation of the target. In reality
the intensity of the inelastic features remains finite, and, for
large values of the scattering angle 6, and incoming energies Ej
in the keV range, the ratio of the elastic and inelastic scattering
intensity is generally only a weak function of 6 [1].

0953-4075/10/215201+07$30.00

The assumption that the inelastic intensity at high
momentum transfer is purely a consequence of an electronic
excitation is thus wrong. Such a process is more complicated,
involving momentum transfer to the nucleus as well. In simple
terms the intensity is a consequence of elastic and inelastic
scattering of the projectile by the same atom and hence it
cannot be described by a first-Born-type approach. For the
case of e~ scattering from H and He, this was discussed by
Geltman and Hidalgo as early as 1972 [2, 3], and Bonham
used a second Born approach to describe such conditions for
electrons scattered from Hg [4]. The situation was recently
reviewed by Kelsey from a theoretical point of view [5].

For N, this picture was used recently to explain the large
deviation at large g values in spectra obtained by non-resonant
inelastic x-ray scattering (NRIXS) measurements (where the
first Born approximation applies) and electron energy loss
spectroscopy (EELS) (where the first Born approximation

© 2010 IOP Publishing Ltd  Printed in the UK & the USA
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fails) [6]. The interaction of the probing electron with the
nucleus can be described by presenting its wavefunction not
by a plane wave but by a distorted wave. Such distorted-
wave calculations have been done for Xe only at much lower
energies (30 eV) [7].

The differential elastic cross section of heavy atoms shows
very profound structures at intermediate energies and large
scattering angles. For example, the differential elastic cross
section of Xe is predicted to have a sharp dip near 90° at
400 eV (see [8] and references therein) and this minimum was
observed experimentally by Williams and Crowe [9]. Another
sharp minimum is predicted near 135° at 750 eV. Here the
Xe differential elastic cross section is calculated to drop by
two orders of magnitude. This sharp minimum was recently
confirmed by measuring the intensity ratio of elastic scattering
from a gas mixture of H, and Xe, where the Xe and H elastic
peaks were separated due to the recoil effect [10].

Near the minimum of the cross section at 135° and
Ey = 750 eV the momentum transfer is 13.7 au (atomic
units), considerably more than what can be accommodated
by an electronic excitation. Surprisingly, as we will see,
the measured energy loss intensity is easily measurable. We
assume that momentum transfer due to interaction with the
nucleus has to be considered as part of the process that leads
to energy loss intensity at large momentum transfer.

If, as sketched here, the process leading to inelastic
excitations at large momentum transfer involves scattering
from the nucleus, then it becomes of interest to investigate
the intensity and shape of the energy loss spectra near a sharp
minimum in the differential elastic scattering cross section.
This is the subject of this paper. We will demonstrate that
the intensity (relative to the elastic peak) and shape of the
energy loss spectra vary greatly under these conditions. The
shape variations are consistent with a large increase in the
contribution of dipole-forbidden transitions, when the elastic
differential cross section has a sharp minimum.

In a previous paper we investigated this system at higher
energies, and at lower energy resolution [1], and discussed
the implications of the observed energy loss structures for
modelling the transport of electrons in matter. The current
work indicates that shortcomings in the traditional approach
of electron transport in matter (describing the transport as a
consequence of uncorrelated elastic and inelastic scattering
events) should show up most clearly when deep minima in the
differential elastic scattering cross section are probed by the
experiment.

2. Experimental details

The experimental spectrometer is described in some detail
in [11]. The spectrometer was designed to study the recoil
effect (see e.g. [12]), but has been used more recently to
study the energy loss spectrum after large momentum transfer
collisions.  Briefly it consists of an unmonochromatized
electron gun with a BaO cathode, a set of slit lenses followed
by a hemispherical analyser with a two-dimensional readout
allowing for simultaneous measurement of a range of energies
and outgoing directions. The Xe gas is introduced using a

needle (diameter 0.7 mm). The aperture limiting the electron
flux entering the slit lens system is placed 145 mm from the
interaction region and is 0.5 mm wide and 40 mm long, but
only the central 20 mm are used in the actual measurement by
limiting the acquired data to only part of the two-dimensional
detector. The range of 0 angles measured is determined by the
0.5 mm width of the entrance slit in combination with the ~0.7
mm diameter of the interaction region and thus A9 ~ 0.5°.
The spectrometer can run up to electron energies of 8 keV,
and the pressure was ~3x 107% Torr. Changing the pressure
by a factor of 4 results only in minor (10% or so) changes in
the ratio of the elastic and inelastic intensities. This shows
that in a large majority of the cases the inelastic intensity is
not due to electrons scattering elastically from one atom, and
inelastically from another atom. In that case the inelastic to
elastic signal ratio would increase linearly with Xe pressure.

The analyser is fixed, and the gun can be mounted on either
one of three flanges such that the scattering angle is 45°, 90°
and 135°. The original readout of the detector was based on
aresistive anode. This has since been replaced by a phosphor
screen—camera combination [13]. Together with several other
small changes (reduced diameter of the gas needle, set of slits
at the entrance of the hemispherical analyser) this has resulted
in an improvement of the energy resolution of 0.6 eV (for a 300
nA beam) to 0.25-0.3 eV (for a 50 nA beam). A measurement
takes typically between a few days and a week, depending
on the cross section, width of the energy loss scan and beam
current used.

3. Experimental results

The interpretation of the experiment is based on the presence
of a sharp minimum in the differential elastic cross section.
Hence we summarize first how this sharp minimum was
verified experimentally in [10] using a gas mixture of H, and
Xe.

In figure 1 we show the differential elastic cross section
for electrons scattering from Xe and H atoms as calculated
by the ELSEPA program [14]. The cross section from the
hydrogen atom at a large angle follows closely the Rutherford
cross section, but the cross section from Xe is predicted to
have much more structure. In particular, at 750 eV there is
a very strong (two orders of magnitude) dip near § = 135°.
This dip becomes broader and less deep when Ej is chosen
away from 750 eV.

As our detector position is fixed at 135° , we will measure
the elastic peak intensity at a constant scattering angle as a
function of incoming energy Ey. By measuring a mixture
of Xe and H, (and assuming that the H cross section is
described well by the ELSEPA program), we can verify the
existence of the deep minimum in the Xe cross section at
135°. This is because the elastic peaks of H and Xe appear
at slightly different energies as explained next. The electron
(momentum kg, before the collision, k; after the collision)
transfers momentum K = k| — kj to the scattering atom and
the kinetic energy of this atom (mass m,) changes by K2/2m,,.
The electron energy is reduced by this amount. For this reason
(the recoil effect) the elastic peaks of H and Xe are separated
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Figure 1. The differential elastic cross section of H (top) and Xe
(bottom) as calculated using ELSEPA, for the energies indicated.

in energy. For more details see [10, 15]. Indeed two peaks
with a large variation in intensity are seen in the left column
of figure 2. The intensity ratio of the H and Xe elastic peaks
varies wildly but follows closely the expectations based on the
ELSEPA program as was shown in [10].

We measured for the same values of Ey and scattering
angle also the energy loss spectra for electrons scattering from
pure Xe. These spectra are shown in the right column of
figure 2. At all energies there is an abundance of structure in
the spectra. The intensity of the loss part, relative to the elastic
peak, varied widely. The largest loss feature (near 10 eV
energy loss) is 700 less intense than the elastic peak at 1.55
keV, but only 50x weaker than the elastic peak at 750 eV.

Besides the overall intensity, the shape of the spectra also
changes dramatically with Ej as one approaches the minimum
in the cross section. This applies both to the discrete peaks as
well as the continuum part of the loss spectra. These changes
extend over a larger energy loss range. In figure 3 we show
spectra taken at 750 eV and 1000 eV from 0 to 140 eV energy
loss. Near 65 eV energy loss there are more weak discrete
features associated with the excitation of the Xe 4d electrons
followed by two broader, overlapping peaks with maxima near
80 eV and 110 eV . The latter structure dominates at 750
eV and is closer in energy loss to the resonance observed in
electron momentum spectroscopy (EMS) [16], than to that
seen in photo absorption or dipole (e, 2e) experiments (e.g.
[17]). This energy region has also been studied in energy

0.825 keV 1 =0.26xI 250 0.825 keV
| . Xe H-| A |
‘ ‘ _ - keV
0.75 keV IXe = 0.05xI H k: 50
o . Sotestyn S0yt J iA mA —
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Figure 2. The elastic peaks of H and Xe as measured for a H,—Xe
gas mixture for E, values as indicated are shown in the left panels.
The elastic peak is split due to the recoil effect as explained in the
text. The peak near zero energy loss is due to Xe; the peak due to H
is near 3 eV energy loss for the 1.55 keV measurement, decreasing
to 1.5 eV energy loss for the 750 eV measurement. The right panels
show the measurement for pure Xe at the same energy over a larger
energy loss window. There is a large range in shape and relative
intensity of the Xe loss spectrum.
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Figure 3. The energy loss spectra at 750 eV and 1000 eV over a
larger range of energy losses. Note that in the 750 eV case the area
of the loss features exceeds that of the elastic peak by a factor of 5,
whereas at 1000 eV it is four times less.

loss measurements at smaller scattering angles by Boechat-
Roberty et al [18]. They observed, using an incoming beam
with Ep = 1045 eV, a maximum at energy losses of 95 eV
for small angle deflections (1.5°) shifting to ~105 eV for 17°
deflections. More interestingly, in the context of this paper, the
ratio of the elastic peak intensity to the energy loss intensity
changes dramatically. At 1000 eV, the integrated intensity of
the loss spectrum from its onset to 140 eV is 4x less than
the intensity of the elastic peak. At 750 eV, the loss spectrum,
integrated over the same energy range, is 5 x more intense than
the elastic peak.

This increase in relative intensity of the energy loss part of
the spectrum can be seen as a consequence from the reduction
in the intensity of the elastic peak, due to the dip in the cross
section, not being mirrored in a similar decrease in the inelastic
part of the spectrum. In our previous study [1] we found that
at higher energies (>1 keV) the intensity of the loss part,
relative to the elastic peak at a given angle, is proportional
to 1/Ey. Hidalgo and Geltman [3] postulated that for He
the absolute intensity of the loss features should decrease as
1 / ES in agreement with our observation for Xe as, under these
conditions, the He elastic differential cross section follows
the Rutherford cross section closely (i.e. it is proportional to
1/E}).
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Figure 4. The intensity between 8 and 9 eV energy loss as a fraction
of the elastic peak intensity (top) and the same for the intensity
between 9 and 10.7 eV (bottom). The full line is proportional to
1/E, and is given for comparison.

In figure 4 we plot the intensity of the first peak
corresponding to the 8.4 ¢V 651 %]? excitation relative to that
of the elastic peak and compare it to a C/ Ey-type dependence.
There is a slight increase at 750 eV above what is expected
based on C/E, behaviour, and at the lowest energy measured
(600 eV) the observed intensity is again on the C/E) line.

Unfortunately, with our current resolution the other
structures observed are due to overlapping excited states. For
all spectra there is a pronounced minimum near 10.7 eV. Hence
we integrated the spectra from 9 to 10.7 eV and plotted this
quantity as well as a function of C/E,. Now we see a strong
deviation from C/ Ey-type behaviour at 750 eV. It is thus clear
that the change in shape of the spectra seen in the right panel
of figure 2 is not due to a decrease in the 65[1 %](1) state, but due
to an increase in the intensity between 9 and 10.7 eV.

There exist many studies of Xe at much lower momentum
transfer (and much better energy resolution) (e.g. [17, 19-21])
and some at comparable momentum transfer [22]. The discrete
states contributing to the loss spectrum are thus well known
and we can use this knowledge to analyse our spectra in some
more detail.
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Figure 5. A comparison of the shape of the energy loss spectra at
600, 750 and 825 eV . The solid vertical lines correspond to
dipole-allowed transitions, and the dotted lines to dipole-forbidden
transitions. The shape of the 600 eV spectrum is much closer to the
shape of the 825 eV spectrum than to the shape of 750 eV spectrum.
The difference is consistent with a large enhancement of the
non-dipole contribution in the 750 eV spectrum.

In figure 5 we zoom in on the low energy loss range
(7-13 eV) for the 600, 750 and 825 eV measurements. The
first few (well-known) dipole-allowed excitations (Al = 1)

are indicated by the solid vertical lines (the 65[1%](1) state at
8.44 eV, the 65’[0%](1) state at 9.56 eV, the Sd[lé](l) state at
10.40 eV, the 7s[1%]? state at 10.59 eV, the 6d[1%](1) state at

11.16 eV and the 5d'[1 %](]) state at 11.61 eV ). Away from the
minimum in the elastic cross section these positions line up
with some of the significant maxima in the loss distribution. At
the minimum in the elastic cross section all these peaks appear
reduced in intensity, but, as we saw before, the interpretation
that the non-dipole transitions are increased is more accurate.

Spectra taken at other angles have different shapes but
the dipole-allowed transitions again line up with many of the
maxima, as can be seen in figure 6 for 1 keV spectra taken at
45°,90°and 135°. Here we also indicate the major non-dipole
transitions as identified in [22], which are also shown as dashed
and dotted lines in figure 5. These are dipole-forbidden 6p and
5d transitions.

In all spectra of figures 5 and 6 there is a strong peak near
10 eV. There are three states that contribute significantly to the
intensity around 10 eV in [22], the 6p[03], state at 9.92 eV
(actually the most intense of all peaks in the 90° spectrum

of [22]), the 5d[31]" state at 10.03 eV and the 5d[21]! state
at 10.21 eV. At the minimum of the elastic cross section this
peak becomes even more pronounced and its position shifts
somewhat to larger energy loss, indicating an increase in the
relative intensity of the 5d contributions compared to the 6p
contributions.

Thus we can be a bit more specific on the cause of the

spike intensity at 750 eV in the 9-10.7 eV energy loss range.
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o
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£
< \/\u—\...,.\:
Z 90°
g
£ i
N, S
45°
OJ\\/ " PRI

8 9 10 11 12 13 14
Energy Loss (eV)

Figure 6. A comparison of the spectra taken at different angles for
Ey = 1 keV.

Near 750 eV the shape of the energy loss distribution indicates
that the contribution of the dipole-allowed states is relatively
minor. Thus the huge spike observed in the lower panel of
figure 4 at 750 eV is due to an increase in intensity of the
5d states and to a lesser extent the 6p states. In the next
section we present a simple semi-classical model explaining
these observations

4. Simple model

In order to get some understanding of these observations we
propose a simple model. We assume that the experimental
result can be described as a consequence of two collisions.
One collision is an elastic collision, with a differential cross
section as calculated by e.g. ELSEPA, a cross section that
could be measured by determining the elastic peak intensity as
a function of angle. The other collision is an inelastic collision
as can be measured in a small-angle scattering experiment.
Such collisions have been studied in the literature extensively,

and the results are usually presented in the form of generalized
oscillator strength (GOS). In these experiments one determines
the cross section for inelastic excitations as a function of
(small) deflection angles and calculates the GOS as a function
of the momentum transfer K, which is related to the inelastic
differential cross section as

w k() 2 (dd >

FK)=—+—-K" |5 ey

2 ki de
with W the excitation energy. These experiments are done for
small momentum transfers that are (assumed to be) absorbed
by the electronic excitation. Such an experiment is usually
interpreted within the first Born approximation. For Xe,
extensive GOS measurements have been published by Suzuki
et al [23-25].
In our (qualitative) model we assume that the total
deflection of the electron is due to an elastic scattering event
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over an angle 6 and a much smaller deflection 6’ due to the
inelastic excitation. The ‘sum’ of # and 6" should correspond
to our detector angle of 135°. Of course there appears to be
no reason for 6 and 6’ to be in the same plane. Thus for
events with e.g. ’ = 2° it is possible that they are detected for
133 < 60 < 137°.

From scattering experiments at small angles we know that
the cross section for dipole-allowed transitions has a maximum
at 0° and decreases rapidly with increasing scattering angle.
From [23, 24] we know that the differential cross section for
Ey = 500 eV drops by one order of magnitude if the scattering
angle is increased by 2.5° corresponding to a momentum
transfer of 0.26 au. As the cross section under these conditions
is well represented by the first Born approximation, it is
dependent on the magnitude of K only; hence, at 750 eV we
would expect the cross section to drop by an order of magnitude
of 2° as, for a given scattering angle, K is proportional to 1/Ej.
Thus a dipole-allowed transition does not change the direction
of the impinging electron much. For detection an elastic
deflection near 135° is still required. Hence the intensity of
these features is almost as much reduced by the sharp minimum
of the elastic cross section as the elastic peak itself.

The situation is somewhat different for the 6p[25], and
6p[13], transitions. Here the GOS increases for small K values
almost proportional to K? [25] which means (see equation (1))
that the differential cross section drops relatively slowly for
small angles. From the GOS measurements it is deduced that
the DCS is reduced by a factor of 4 for k = 0.4 au, which
corresponds to 3° at 750 eV.

For the 5d[33], and 5d[23], states the situation is more
dramatically different. Here the DCS has a maximum at 5°
for Eg = 500 eV [24], corresponding to K = 0.52 au and
is reduced from this maximum by a factor of 4 near 10°,
corresponding to a momentum transfer over 1.0 au. At750¢eV,
such a momentum transfer would correspond to a deflection
of 8°. From figure 1 it is clear that such a deflection can shift
us right out of the minimum of the elastic cross section, and
the elastic DCS for the required elastic scattering event can
increase by up to a factor of 10.

Thus especially for the 5d-type transitions the deflection
due to this inelastic excitation can be enough to shift the
required elastic scattering angle out of the deep minimum in the
elastic DCS. Hence the intensity of these energy loss states is
not as effectively reduced by the minimum in the elastic DCS.
Hence the intensity of these states increases relative to the
elastic peak. This is in perfect agreement with the observation
in figure 4.

5. Conclusion and discussion

We have demonstrated that sharp features in the elastic
scattering cross section have a dramatic influence on the shape
of the loss features seen in large momentum transfer collisions.
These changes can be understood, at least semi-quantitatively,
using a semi-classical two-collision model. A two-step model
is in line with the failure of the first Born approximation to
explain the observed intensity under these conditions.

Near the minima in the elastic scattering cross section,
the intensity or the energy loss part is extremely high. It
is comparable to the intensity of the energy loss spectrum
in condensed matter reflection energy loss spectroscopy
(REELS) (see e.g. [26]). Such experiments are interpreted
assuming no correlation between the elastic and inelastic
scattering events. However, the results here show that under
specific conditions, energy loss is very likely to occur at the
atom that scatters the electron elastically. These experiments
show thus that near sharp minima in the elastic cross section
the correlation between elastic and inelastic events is the most
pronounced. It is interested to note that under these conditions
there are serious problems extracting the dielectric function
from REELS spectra [27]. The processes described in this
paper could be the underlying cause of this problem.
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