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Abstract
Energy-resolvedKikuchi patterns for silicon crystals weremeasured for 30 keV electrons in a
reflection geometry. The amount of contrast seen depends strongly on both the geometry and the
energy loss. For geometries where the outgoing trajectory is glancingwith the surface, the contrast is
maximum for zero loss, decreases with larger energy losses and for energy losses over 1 keV, a reversal
of the contrast is observed. For geometries where the incoming beam is glancing, the contrast first
gradually increases with energy loss and decreases slowly for losses larger than 100 eV.Under these
conditions contrast reversal was not seen. These observations aremodelled using the cross sections of
the various elastic and inelastic processes involved.

1. Introduction

Kikuchi diffraction [1] results from the coherent scattering of diffusely scattered electrons inside a crystal [2, 3].
In the scanning electronmicroscope (SEM), the technique of Electron backscatter diffraction (EBSD) relies on
theKikuchimechanism to study crystal orientations and phase distributions ofmaterials. In EBSD,Kikuchi
diffraction patterns are commonly detected on a phosphor screen near the sample, at primary electron beam
energies in the range fromabout 5 to 30 keV. The group of electronswhich contributes to the observedKikuchi
pattern in EBSD, however, often constitutes only aminor portion of the signal (atmost 10%–20%) relative to a
dominating background intensity which does not showdiffraction contrast. An extended energy range of the
backscattered electron spectrum contributes to the observed EBSD signal and influences the formation of the
observed diffraction effects. This is caused by the absence of any dedicated energy-filtering in a typical EBSD
setup, where the electrons are detected by light emission from a phosphor screen. It is thus important to
understand the differentmechanisms ofmultiple elastic and inelastic scatteringwhich lead to the specific
weighting of Kikuchi diffraction relative to the background intensity.

As an example, we show ameasured rawEBSDpattern of a silicon sample infigure 1, where the actual
Kikuchi diffraction contribution is seen as a network of crossing bandswith intensity higher than the
background. These bands have an angular width of about twice the Bragg angle, and are centered along the
projection of the reflecting lattice planes [3]. Infigure 1 it is also clearly seen that theKikuchi diffraction features
reside on a smooth backgroundwhich includes in the order of 90%of the total intensity.

TheKikuchi patterns observed in EBSD are formedwhen electrons emerge after scattering over large angles
from atoms in a crystal, and, depending on the site of backscattering in the unit cell, the Kikuchi diffraction
patterns can differ greatly [5]. Infigure 2, we show several examples of the possible effects that lead to averaging
out of the Kikuchi diffraction pattern. As can be seen infigure 2(a), if the electrons emerge frommany different
random sites in the unit cell, the diffraction patternwill tend to average out to a structureless distribution, as was
discussed in detail in [6]. A special case of this effect are site-specificKikuchi diffraction patterns, which are
shown infigure 2(b) for the case of Rutile TiO2 [7]. Here, electrons originating fromoxygen sites can have dark
bandswhere those originating fromTi sites have light bands, leading to a partial cancellation of diffraction
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contrast when the sumof both processes is observed. Another intriguing consequence ofmultiple incoherent
interactions is the phenomenon of contrast reversal, i.e. Kikuchi bands can be observedwith decreased or
increased intensity relative to the background. Such contrast reversal effects can be observed in both
transmission and reflection under specific conditions [2, 8–10].

The central questionwhichwill be addressed in this paper is: if we have no explicit energyfiltering in EBSD
and if, in principle, we can have all the different kinds of possible Kikuchi pattern contrast distributions shown in
figure 2, why at all dowe see a diffraction pattern in the backscattered electron distribution, andwhat is the
relevant energy range contributing to the observed diffraction contrast? In order to answer this question, it is
essential to knowwhich elastic and inelastic collisions localize the scattered beamon a lattice site, andwhich not

Figure 1.Top: Raw Si EBSDpattern collected at a primary beam energy of 15 keV. Center: background intensity obtained by low-pass
FFTfiltering. Bottom:Kikuchi signal relative to the background signal. For a discussion of quantitative image processing of EBSD
patterns see [4].
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and how frequently these collisions occur. Aswewill discuss below, themain types of scattering events which
need to be considered are incoherent large-angle deflections from the target atomic cores, coherent small-angle
deflections from these atoms, as well as inelastic scattering due to electronic excitations induced by the projectile
electron.Wewill argue that Kikuchi pattern formation is controlled by the fact that themean free pathλquasi

between quasi-elastic, incoherent, large-angle scattering events is about an order ofmagnitude larger than the
inelasticmean free pathλin for electronic losses. Qualitatively, thismeans that, compared to quasi-elastic events
which create Kikuchi sources, inelastic events are relatively frequent andwill strongly influence the contrast of
Kikuchi patterns as a function of the energy loss.Wewill present experimental data which quantifies this
statement bymeasurements of Kikuchi band contrast as a function of energy loss in a systematically varying
scattering geometry. For the interpretation of our experimental data, we develop a qualitativemodel which
explains the observed trends using only 4 key parameters. Our analysis will show that there is an implicit energy
filtering in theKikuchi diffraction process. A pronouncedKikuchi pattern contrast can be preserved only for a
relatively lownumber of inelastic losses after the creation of aKikuchi pattern source. In the limit of large energy
losses, an increasing fraction of the scattered electrons at the respective energywill shownoKikuchi contrast and
will contribute to the background signal only. Taking thesefindings into account, wewill discuss possible
implications of our results forMonte-Carlo simulations in the context of Kikuchi diffraction.

2. Elastic and inelastic electron scattering

In the following, we summarize the properties of particle scattering in amedium, emphasizing a picture of
electron scattering at the atoms of the sample. These scattering processes are also relevant forMonte Carlo
simulations of electron trajectories in electron spectroscopy andmicroanalysis. For the classical picture of
particle scattering to be reconciled with experimental observations related towave-like properties of electrons in

Figure 2.Possible contributions toKikuchi patterns. (a)The calculated diffraction pattern considering a varying number of (randomly
chosen) positions of the sources of electron in a unit cell as indicated.With an increasing number of sources, the diffraction pattern
averages out and thus disappears. (From [6]) (b) calculated site-specificKikuchi diffraction for Rutile TiO2 aswas alsomeasuredwith a
separation of the elements based on the recoil effect [7]. Note that the horizontal and vertical Kikuchi bands have opposite contrast for
Ti andO and thus theKikuchi contrast decreases when these intensities are summed.
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crystals, the consequences of the transfer of energy andmomentum as a result of the scattering processes have to
be considered. In a crystalline sample, the possible interference effects of the scattered electrons can be affected
in characteristically different ways by energy losses andmomentum changes.

2.1.Quasi-elasticmean free path

The elastic differential cross section ( )s
W

DCS, d

d
for electrons scattering from a single atomover an angle θ can be

calculated using the partial wave formalism [11]. It gives the probability that an electron scatters from a
potential, defined by the atomic charge distribution, into a specific direction. The total elastic cross section stot

el

can be calculated by integration over s
W

d

d
:

( )òs
s

p q q=
W

p d

d
2 sin d . 1tot

el

0

For an amorphousmaterial withN atoms per unit volume this gives the elasticmean free path (MFP):

( )l
s

=
N

1
. 2el

tot
el

For a crystal, this picture needs to bemodified. For small scattering angles, the scattering contributions emerging
fromdifferent atoms add coherently and one has to consider diffraction.

In contrast to scattering froma potential, the case considered in a partial wave calculation, in reality the
electron scatters from an atomwithmassMa. If the incoming electronwith energyE0 has amomentum p0 and is
scattered over an angle θ, amomentum q is transferred to the atomwithmagnitude:

⎜ ⎟⎛
⎝

⎞
⎠( ) ( )q

q
=q p2 sin

2
. 30

Assuming that the atomwas stationary before the collision, it will acquire a kinetic energy q2/2Ma.Wewill refer
to this type of collisions as ‘quasi-elastic’. Diffraction involves a coherent interaction in an extended region of the
crystal withmassMc (and thus » ¥M mc e ), and then the energy transfer is q2/2Mc≈0, i.e. there is virtually
no energy transfer to the crystal and the electron is scattered elastically. If the electron interacts quasi-elastically
with a single atom in a crystal, then the recoil energy involvedwill lead to phonon excitations. For very large q
values, this energy transfer can bemeasured experimentally [12] and can be used to identify the scattering
element.

In diffraction processes in crystals, the excitation of phonons reduces coherence with respect to the incident
beam [13], with a localization of the quasielastic scattering processes at atomic positions inside a crystal. In order
to discriminate between the possibilities of coherent versus incoherent scattering in the elastic cross section of an
atom in a crystal, one can use theDebye–Waller factorwhich describes the differential cross section for coherent

scattering s
W

d

d coh
relative to the intensity s

W
d

d 0
without thermal vibrations:

( ) ( ) ( )s s
W

=
W

- á ñq q
d

d

d

d
e , 4q u

coh 0

32 2

where á ñu2 is themean square displacement of the atoms due to vibrations, including the zero pointmotion.
Accordingly, the incoherent or quasi-elastic part of the scattered intensity is given by:

( ) ( ) [ ] ( )s s
W

=
W

- - á ñq q
d

d

d

d
1.0 e , 5q u

quasi 0

32 2

For silicon at room temperature á ñ =u 0.00592 Å 2 [14]. If we consider the q-value forwhich the coherent
intensity is reduced by a factor of 2 as the lower boundary of the large-angle regime, this corresponds to a
momentum transfer of q=18.7Å−1 or 9.9 a.u. (atomic unit ofmomentum= a0). For 20 keV electrons,
this leads to a characteristic scattering angle of θ1/2=14.7°. For scattering angles larger than q1 2, incoherent
quasi-elastic scattering ismore probable, while for lower angles, diffraction via coherent forward-scattering is
dominant.We now assume that one can calculate the total cross section stot

quasi of quasi-elastic, incoherent
scattering from an atom in a crystal by replacing the lower limit of the integration in equation (1) by θ1/2:

( )òs
s

p q q=
Wq

p d

d
2 sin d . 6tot
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1 2

An alternative way to define stot
quasi is toweight the cross section by the incoherent fraction, similarly as done by

Wang [15] andRossouw andBursill [16] in the description of themean free path for thermal diffuse scattering:

( ) ( )( )òs
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Themean-free-path between quasi-elastic, incoherent collisions is given by:

( )l
s

=
N

1
. 8quasi

tot
quasi

Infigure 3we plot the differential cross section for 20 keV electrons scattered fromSi, as calculated for an
atomwith the ELSEPAprogram [11] (total elastic) and after subtracting the coherent fraction (elastic
incoherent). The lower panel shows the calculated quasi-elasticMFP, as a function of the lower limit of
integration (equation (6)). Using a lower limit of 14.7°, as suggested by theDebye–Waller factor and integrating
the total elastic DCS the quasi-elasticMFPbecomes 5000Å. Alternatively, if we use equation (7) to integrate only
the incoherent part, but down to θ=0, we obtain an estimate for the quasi-elasticMFP of 2500Å (see also
table 1).We consider this argument semi-quantitative, and the fact that both approaches give an answer that is
different by a factor of 2 reflects that. Both results, however, strongly suggest that the separationλquasi between
incoherent quasi-elastic collisions in a crystal is an order ofmagnitude larger than implied by the total elastic
cross section. Because the incoherent quasi-elastic events are localized at the atomic sites in the crystal, we take
λquasi as the relevantmean free path for those collisions which create theKikuchi diffraction sources.

2.2. Electronic excitations
For the description of the inelastic scattering (i.e. electronic excitations, either plasmons or electron–hole pairs
with energyω)we use the dielectric formalism [17, 19, 20]. This implicitlymeans that we assume that inelastic
scattering does not depend on the direction of propagation of the electrons in the crystal. Near channeling
conditions, this assumption is not fulfilled [21, 22], but it should suffice for getting at least a rough
approximation.We start with the energy loss function (ELF) at q=0 and use for the low-energy loss the results

Figure 3. (Top)The differential cross section for 20 keV electrons as scattered fromSi. The solid line is the total cross section, as
calculated for a single atomusing the partial wave formalism. The dashed line is the incoherent cross section only, based on the
Debye–Waller factor of silicon. (Bottom) the quasi-elasticMFP as a function of the lower limit of integration in equation (6). An
estimate of the incoherentMFP is obtained by either integrating the total DCS from the cut-off angle θ1/2 which gives≈4600 Å, or by
integrating the quasi-elastic cross section from 0 toπ (2400 Å ).
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from Jin [23] as an estimate of the ELF and at larger energy losses the tabulation fromHenke [24]. Thesewere
fittedwithMermin loss functions for the valence band loss features and generalized oscillator strength (GOS) for
the 2p, 2s and 1s core electrons as described in [25]. The result is shown in the top panel offigure 4. In this waywe
get a description of Im[−1/ò(q,ω)] everywhere in (q,ω) space, see the lower panels offigure 4. From Im
[ ( )]w-  q1 , one can calculate the probability of inelastic scattering per unit path length using [26]:

⎡
⎣⎢

⎤
⎦⎥( )

( )ò òl
w

p w
=

-

-

+

E

q

q q
1

d d
Im

1

,
, 9

E

q

q
in

0 0

0

with

( ) ( )w=  -q mE m E2 2 . 100 0

Table 1.The elasticMFP for Si based on cross sections as indicated, as well as the inelastic
MFP for the valence, semi-core and core electrons. The total inelasticMFP ltot

in is
calculated using l1 tot

in = l l l+ +1 1 1v.b.
in

2s,2p
in

1s
in. The lowest row shows the total

inelasticMFP according to the relativistic TPP (Tanuma, Powell Penn) theory [18].

Energy 10 keV 20 keV 30 keV 40 keV

(Å) (Å) (Å) Å

ltot
el (Equation (1)) 92 172 251 315

ltot
quasi, (Equation (6)) 2461 4907 7166 9062

ltot
quasi, (equation (7)) 1313 2481 3568 4555

lv.b.
in 178 320 447 564

l2s,2p.
in 1394 2351 3193 3955

l1s
in 1.95× 105 2.87× 105 3.73× 105 4.46× 105

ltot
in 158 281 391 493

ltot
in TPP 156 277 386 485

Figure 4.The ELF fromSi, asfittedwithMermin loss functions for the valence andGOS (generalised oscillator strength), based on
hydrogenic functions for the core electron (see e.g. [17]). The lower panel shows Im [ ( )]w-  q1 , , split for the valence band, semi-
core and 1s contribution. The dashed line is the lower limit of the q integration in equation (10), again for 20 keV electrons. The
central panel shows the distribution of inelastic scattering events over q for the case of 20 keV electrons as is obtained by evaluating the
integral (equation (9)) over a limited range of q, as indicated by the dashed vertical lines in the lower panel.
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(withm the electronmass) corresponding to theminimumandmaximummomentum transfer at θ=0 and
θ=π respectively.

We start by considering inelastic scattering from valence electrons. For small q values, the energy loss is due
to plasmons (long range density fluctuations in the electron gas), and for large q, one scatters from individual
valence electrons and creates electron–hole pairs.

Infigure 4, the integral of equation (9) is split up over severalmomentum intervals in order to see how the
contribution for the various q ranges varies. For the scattering by valence band electrons, the electron losses
occurmainly at very low q values via plasmon creation, with a tail due to electron–hole excitations extending to
larger q values. The corresponding inelasticMFP is given in table 1.

The precisionwithwhich one can determine the location of the scattering event is of the order of 1/q as
follows from theHeisenberg uncertainty relation. For small q values, the collision is effectively delocalized over
the unit cell and as a consequence the projectile does not get localizedwith crystallographic resolution due to
plasmon excitation. For large q values, the collision is localized at the position of the valence electron. The
valence electron distribution, however, is fairly uniformover the unit cell, for Si with some enhancement
between nearest neighbours due to the chemical bond. The scattered electrons appear thus to originate from
either thewhole of the unit cell (plasmons) or from a broad areamainly away from the nuclei (electron–hole
excitations) and the corresponding diffraction contrast will beweak and different from the electrons scattered
from the nuclei (see figure 2).

If one assumes that coherence would be totally lost by valence band inelastic excitations, then therewould be
no contrast expected after such an event. This is not the case, as will be seen below for reflectionmeasurements,
but is also observed in transmission electronmicroscopy (TEM) [27] and discussed byHowie [28, 29].

Concerning the effect of plasmon scattering onKikuchi electrons, the necessary preservation of the initial
localization information in the unit cell will be limited by the degree of preservation of the relative phase of the
electronwaves contributing to theKikuchi pattern. Thus, plasmon scattering on the outgoing path after the
initial localizedKikuchi source event can possibly preserve this information if all waves are scattered by the same
plasmon excitation [29]. However, becausemomentum transfer by plasmon scattering can also slightly change
the direction of the electronwaves (figure 5), the localization information for a specific observation direction on
the detection screenwill tend to be averaged out bymultiple plasmon scattering events [30]. From these
arguments, we can assume that Kikuchi pattern contrast is not lost immediately with the first plasmon loss, but
will gradually reducewith an increasing number of plasmon scatterings on the outgoing path. The situation is
much clearer with inelastic scattering on the ingoing path, which influences theKikuchi pattern only via the
change of wavelength, and theKikuchi source localization at an atomic site can still occur after an arbitrary
number of plasmon losses.

For the Si semi-core electrons (2s, 2p)with binding energies of 100 eV and 150 eV, respectively, the
contribution to the ELF extends over a larger q range, and hencewill generally bemore localised. As these
electrons are at the atomic positions, the corresponding diffraction patternwill be similar to that after large-
angle elastic scattering but could be somewhatmore diffuse as the correspondingmomentum transfer is smaller.
TheMFP for 2s, 2p excitation is about 7–8 times longer than for valence band (plasmon) excitations. The energy
loss in a 2s, 2p electron excitation is about 8 times larger. Thus both processes contribute a similar amount to the
electron stopping (mean energy loss per unit distance travelled).

Finally, the 1s core level contribution to energy loss events is atmuch larger q values, but these are infrequent
events and themean distance between 1s electronic excitations is huge. Its contribution to the diffraction pattern
will be similar to that after large-angle elastic scattering but the corresponding intensity will be negligible small.

Figure 5.Kinematics of electron energy lossω. After the energy loss themagnitude of electronmomentum k1 is slightly less than k0,
whichmeans that themagnitude of themomentum transfer q is alwaysfinite.The probability of energy loss ofω per unit path length is
obtained by integrating Im [ ( )]w-  q1 , over the range of possible q values(see equation (9)). For the case of Si plasmon creation by
20 keV electrons the length difference between k0 and k1 is very small and exaggerated in the drawing, for clarity.Most of the
contributions to the inversemean free path (equation (9)) is for q values close to qmin.
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2.3. Kikuchi contrast and the dynamical theory of diffraction
The observedKikuchi contrast in EBSD can be simulated using the the Blochwave approach of the dynamical
theory of electron diffraction. As described in [31, 32], themodel assumes that EBSDKikuchi patterns can be
described by an effective energy near the primary beam energy, and the effects of inelastic and incoherent
scattering on theKikuchi patterns are considered only in so far as they can be handled via an imaginary potential
that describes reduction of the coherent pattern intensity by plasmons and phonons.

For aKikuchi electron source at position rS in the crystal, the EBSDBlochwave approach discussed in
[31, 32] calculates the intensity of the approximate planewavewithwave vectorK0 which is observed in the
direction ∣ ∣K K0 0 on the detector screen. Using the reciprocity principle [33, 34], thewave function at the
detector can be calculated by starting a reversed planewave and calculating the scatteredwave functionΨ(r) at
the Kikuchi source point rS.

Thewave functionΨ(r) of an incident planewaveK0 can bewritten as the sumof contributions of scattered
planewaves [ ( ) · ]p +K g rexp 2 i moving into directions +K g and having a depth t dependent amplitude
fg(t):

( ) ( ) [ ( ) · ] ( )å f pY = +tr K g rexp 2 i 11
g

g

withK describing the incident beamK0 corrected for refractionwhen entering the crystal [35].
The variation of theKikuchi intensity from a source at rS is thus essentially determined by the probability

density ( )P r as a function of the detected direction:

( ) ( ) ( ) ( ) ( ) ( )å= Y Y ºP a ar r r r r 12S S S S S
g h

g h
,

* *

and the comparisonwith equation (11) shows that the variation inP(rS) can be seen to result from interference
terms ( ) ( )a ar rS Sg h* related to the scattering of the incident beamby the reciprocal lattice vectors g h, .

Electrons entering the crystal in a direction far from any diffraction planewillmaintain their original plane-
wave character, i.e. the effect of the crystal on ( )P rS for ( )¹g 000 is low.Near the Bragg condition, the
corresponding eigenfunctions in the crystal are standingwaveswith either themaximumdensity at the atom
position (type 1waves) or theminimumat the atomposition (type 2waves) [35]. For typical conditions in an
EBSD experiment, the type 1waves will be dominant for angles slightly less than the Bragg angle, while type 2
waveswill be dominant for slightly larger angles. This leads toKikuchi bandswith increased intensity in awidth
of twice the Bragg angle centered on the relevant lattice plane.

One of the parameters in such a calculation is the range of depths t one has to consider. This is usually chosen
empirically so the level of detail in the diffraction pattern agrees with the experiment. If one only considers small
t values, the pattern is blurred due to reducedmultiple scattering, and for very large t values, therewill be
contrast inversion of theKikuchi bands due to anomalous absorption [36]. Such contrast inversion is also seen
in transmission experiments with increasing crystal thickness [37] or in photoelectron diffraction as a function
of energy loss [38, 39]. Empirically, by choosing a t range of the order of the inelasticMFP [36], one obtains
reasonable agreement with either theKikuchi pattern as seen using an electrostatic analyzer or observed on a
phosphor screen.

3. Experimental details

The experiments described herewere carried out at an initial electron energyE0 of 30 keV. A 500 eV beamwas
produced by an electron gun (BaO cathode 0.4 eV energy spread). The sample is held at 29.5 keV in a high-
voltage sphere and thus 30 keV electrons impinge on the sample. Ripple and drift of themain high-voltage
supply do not affect themeasurement as the same potential that accelerates the electronswhile entering the
sphere, decelerates themwhile going into the analyser. The detector is placed at 45°with respect to the incoming
beamdirection andmeasures both the electron energy and thef-angle. Electron detection is donewith a pair of
channel-plates in combinationwith a phosphor screen. Individual electrons are detected and analysed for their
energy and angle. The noise in the ‘image’ obtained in this way is statistical, i.e. the square root of the number of
electrons detected at a certain energy-angle combination.

The sample is rotated over 0.2° steps under computer control, and ameasurement of thef intensity
distribution is done at each angle. The scan starts with the incoming beam glancing in (θin≈85°with the
surface normal and θout≈50°) and endswhen the sample has rotated over 35° and θin≈50°, θout≈85° and
then the detected electrons are glancing out. Themeasurement at each angle is done for the same amount of
accumulated charge. The analyser can be tuned to the energy of the incoming beam (elastic peak), or to a lower
energy. Thus one can collect, in different scans, theKikuchi profiles of electronswith different energy losses. The
energy resolutionwas 0.5 eV. Formore details see [40, 41].
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4. Experimental results

The result of a scan for the elastic peak is shown infigure 6. As the sample rotates, also the incoming beam
direction changes, and hence the backscattered intensity varies, depending on the channeling conditions of the
incoming beam [41]. The total number of counts acquired for a certain orientation reflects this. It was found that
the obtainedKikuchi pattern ismore clearly defined if the angular distribution acquired for each crystal
orientation is normalized to the same number of counts, i.e the channeling effect of the incoming beam is
removed. This normalization procedure is illustrated infigure 6 aswell. Especially after this normalization one
can see awell-definedKikuchi bandwith a nearly vertical orientation. This is the Kikuchi band from the (11 0)
plane. For θin=80.5° the [ ]1 1 1 zone axis points towards the detector. For the zone axis the count rate ismuch
larger. The normalization procedure used causes an artificial reduction in intensity away from the zone axis, i.e.
for very small and largef values near θin=80.5° (darker triangles at left and right from zone axis).

The analyser potential was adjusted so electronswith different energy losses were transmitted through the
analyser and the corresponding intensity distributionswere recorded and are, after normalisation, displayed in
figure 7. There is a strong difference in the energy loss dependence for large and small θin values. For the largest
θin values the contrast first increases with energy loss but for smaller θin values the contrast ismaximumat zero
energy loss. This becomes evenmore evident for the profiles plotted infigure 8. In the glancing out geometry
very little contrast survives for energy losses larger than 100 eV.

At even larger energy losses the contrast is weaker and becomes less than the statistical noise. Applying a FFT
band passfilter, we still can discern some contrast, as is clear infigure 9where both the elastic and 2 keV loss
distributions are shown after the same FFT band-pass filter was applied. At the largest θin angles, the contrast in
the elastic peak and 2 keV loss distribution is very similar. At intermediate angles the band contrast disappears,
but dark and light lines appear at the edge of the bands [33]. For the smallest θin angles (i.e. glancing out
condition) themain band (1 1 0) is darker, i.e. displays aweak, inverted contrast.

Figure 6.The raw intensity, asmeasured for a range of incident beam angles (θ) over a range of detector angles (f) asmeasured (left)
and after normalisation to the same number of counts for each θ angle (center). This largely removes the effect of channeling of the
incoming beam. The right panel illustrates how the scattering geometry changes if the sample is rotated.

Figure 7.Kikuchi distributionsmeasured for several energy loss regions, centered at values indicated. The vertical dark lines seen near
−3° for themeasurements at larger energy losses are due to detector artifacts.
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At 5 keV energy loss (and also at 10 keV, not shownhere), the contrast is evenweaker and, after adjusting the
contrast of the image to compensate for that, the detector artifacts, observed as vertical lines becomemore
pronounced. Note that the intensity near the [ ]1 1 1 direction, whichwas themost intense at lower energies, is
now less pronounced. Absorption effects are becoming evident for this direction aswell.

5.Discussion

The spectrometer geometry dictates that all detected electrons have at least scattered over 45°. If wemake the
simplifying assumption that the trajectories are approximately v-type (only 1 large-angle deflection of≈45°,
with possible other deflections but over considerably smaller angles) then one can distinguish an incoming and
an outgoing trajectory (seefigure 10). V-type trajectories have been shown to be a good approximation for
backscattering of high energy electronswith relatively low energy losses, but longer trajectories, in particular for
lower energy (sub-keV) electrons aremore complex [42, 43]. For an electron that reached depth x the incoming
and outgoing path length are then approximately ( )qx cos in and ( )qx cos out . The outgoing path length Lout is
then related to the total path length L by:

Figure 8.Profiles asmeasured as a function of energy loss for a glancing in (θin=84°) and glancing out geometry (θin=49°). (Near
the extremes offigure 7).

Figure 9.A comparison of the distribution asmeasured at 0, 2 and 5 keV energy loss. In order to reduce the noise both images were
filtered using a FFT band passfilter.
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with ηo the fraction of the total path length that is along the outgoing trajectory. For θin=85°, the outgoing
trajectory is ten times shorter than the incoming. This applies to the top offigure 7 and the left panel offigure 8.
For θin=50° (and hence θout=85°) it is the other way around, the outgoing trajectory is 10 times longer
(bottomof figure 7 and the right panel offigure 8).

For the elastic peakmeasurement the sumof the incoming and outgoing pathlengthwill be, on average,
about the inelasticMFP (λin≈410Å at 30 keV). For ameasurement at an energy loss corresponding to n
plasmon losses (the plasmon energy of Si is 17 eV) themean path length is then ( )l» +n 1 in. Thus for each θin
value and energy loss one can estimate the average outgoing path length. The fact that the Kikuchi pattern only
gradually develops with energy loss for θin≈85° and persists up to very large losses is thus a consequence from
the very short outgoing path length. For θout≈85° almost all energy losses occur along the,much longer,
outgoing trajectory, and indeed in this case the contrast ismaximum for the elastic peak and decreases with
energy loss.

Looking at the angular distributions for the glancing outmeasurement it becomes obvious that not all
contrast is lost after a single plasmon excitation. For 34 eV energy loss (corresponding to 2 plasmons) and even
64 eV energy loss (4 plasmons) there is still diffraction contrast in the glancing out geometry, and the probability
that all plasmons are created along the (in this geometry very short) incoming trajectory is negligible small.

Oneway one can understand the influence of the plasmon excitation on theKikuchi contrast is angular
broadening. The plasmon creation changes slightly the direction of propagation of the electron. As a
consequence the observedKikuchi pattern after creation of n plasmons is the n-fold convolution of theKikuchi
patternwith themomentumdistribution of the plasmon.Here, onemakes the simplifying assumption that the
change in direction somewhere along a trajectory can bemodelled by angular broadening of the calculated
distribution after the electron has left the sample. This is shown infigure 11 for the glancing out results offigure 8
where almost all plasmons are created along the outgoing path. This simple approach gives roughly the right rate
of decrease in contrast with increasing energy loss.

For glancing inmeasurements the outgoing trajectory isfirst too short for significant diffraction contrast to
build up. The contrast ismaximum for 34–68 eV energy loss and decreases subsequently very slowly. At 34 eV
energy loss themean path lengthwill be 3λ (1200Å) and hence the outgoing trajectorywill have a length for
small θin values or the order of 120Å, which appears enough for the build up of the contrast to be realized.

However, it is also clear that the nature of the observed pattern changes with energy loss, not just the level of
contrast. The contrast disappears slowlywith energy loss and then reverses with energy loss for glancing out
directions. The excess and deficit Kikuchi lines becomemuchmore pronounced.

5.1. Kikuchi contrastmodel
Our experimental observations can be rationalized using the analysis of the elastic and inelastic cross sections
discussed in in section 2. Aswewill see, the fact that the quasi-elasticmean free path is about an order of
magnitude larger than the inelasticmean free path limits the effective energy range contributing to theKikuchi
pattern contrast. Basically, with increasing total energy losses, longer total path lengths will be required to excite
the corresponding number of plasmons, and a larger absolute number of these plasmonswill tend to occur on
the outgoing path, generally decreasing the diffraction contrast with increasing energy loss.

A key approximation of themodel is that the trajectories of backscattered electronswith low energy losses
are assumed to be effectively of the v-type, involving a single large-angle backscattering event that changes the
electron direction to end up in the detector, as discussedmore extensively in the previous section. For a fixed
scattering angle of detection, the relative probabilities pV(L) of the different v-type trajectories with total path
length L can be determined from the properties of Poisson processes. The probability distribution of the total
path length L=Lin+Lout is the product of the probability distribution of the ingoing path lengths Lin until a
single event is observed, and the probability of not having any another event on the outgoing path length Lout.
Both of these probabilities are proportional to exponential functions andwe can thus define:

Figure 10.Av-type trajectory (left) and amore complex trajectory (right).
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The relative probability of total v-type path lengths with amean free pathλquasi=350 nm for quasi-elastic,
incoherent scattering events is shown infigure 12(a). For our experimental scattering geometry, the v-type
approximation is expected toworkwell for path lengths up to the order ofλquasi but significant deviations could
occur for longer ones.

The second assumption of ourmodel is that on a given trajectory of total length L, the excitation of n inelastic
events is given by the Poisson distribution for the inelasticmean free pathλin, independently of the elastic
scattering events:

( ) ( )
!

( )l
= l-p L

L

n
e . 15n

n
L

in
in

The relative probability of path lengths with a number of inelastic events withλin=40 nm is shown in
figure 12(b).

The total probability pnV(L) for a v-type path of total length Lwith n inelastic losses is thus:

( ) ( ) ( ) ( )l l l l=p L p L p L, , , , 16nV n V
in quasi in quasi

with ( )l l =p 0, , 1V0
in quasi , see figure 12.

We assume that theKikuchi diffraction is operating on the geometrical outgoing fraction ηo of the v-type
path, which is related to the total path length by equation (13). In our experimental geometry, each possible
trajectory is uniquely defined by the angles θin and θout and one of the lengths L, Lin, or Lout. This is why the
distribution of the outgoing path length Lout isfixed to the respective distribution of the corresponding total path

Figure 11. (a)Probability distribution ofmomentum transfer during plasmon excitation (dots),fittedwith a Lorentzian (line). (b)
Kikuchi profile for an energy loss corresponding to the creation of 2(c) and 4(d) plasmons (dots) together with Kikuchi profile for the
elastic peak convoluted twice (c) and four times (d)with the broadening function for plasmon creation (lines).
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length L=Lout/ηo. Combinedwith the relative probability ( )l lp L, ,nV
in quasi for the total path lengthwith a

given number of energy losses on the v-type trajectory, we can thus determine the distributionσo(Lout) of
outgoing lengths Lout which are relevant for theKikuchi diffractionmechanism:

( ) ( ( ) ) ( )s h q q l l=L p L , , , . 17o nV oout out in out
in quasi

The distributionσo(Lout) enters into the calculation of the dynamical Kikuchi diffraction effects as aweight
factorwhich treats the varying contribution of Kikuchi sources according to the possible outgoing path lengths
and the total number of discrete energy losses. Infigure 13, we show the resulting distributions for different
outgoing angles and assuming different numbers of discrete energy losses according to the parameters shown in
figure 12. This figure illustrates that an increasing total energy loss implies a larger outgoing path length for a
given geometry, andwe see that the relative contribution of trajectories is strongly decreasing as a function of the
number of energy losses.

Considering Kikuchi diffraction effects, we need to consider that an increasing number of inelastic
scatterings no on the outgoing path length Lout will lead to a reduction of diffraction contrast. In the Blochwave
model, this can be handled by a reduction the off-diagonal interference terms in equation (12) by a coherence
factor ( )g LC out :

( ) ( ) ( ) ( ) ( )å g=P L a ar r r . 18S C S S
g h

g h
,

out *

Weassume that γC(Lout) reduces the interference contrast of different planewaves by an exponential factor that
only depends on the length Lout of the outgoing path:

⎧⎨⎩( )
( )

( )g
l

=
- ¹

=
L

L g h

g h

exp if

1 if
. 19C

C
out

out

The value of lC describes how effective the inelastic scattering processes are in reducing the interference contrast
after the initial quasi-elastic scattering event. Using the parameterλC, we can thusmodel a reduction of the
relative spatial variation of the exit probability in the unit cell.

As an additional effect which concerns long path lengths, the effect of contrast inversion of Kikuchi bands by
anomalous absorption is also reproduced by the Blochwave simulations [10, 36]. However, the possible
additionalmultiple diffuse scattering of those electronswhich have been ‘anomalously absorbed’ is not treated

Figure 12. (a)Probability distribution pV(L) of total v-type trajectory lengths Lwhich contain exactly one quasielastic incoherent
scattering event withmean rateλquasi=350 nm. (b) probability distribution pn(L) of total trajectory lengths considering the creation
of a given number of plasmonswithmean rateλin=40 nm.
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in the idealized simulations using an imaginary potential. As a result, the predictedmagnitude of the contrast
inversion can be larger than observed in reality, because the contribution of diffusely scattered electrons from
other directions reduces the observed contrast. This is whywe treat the effect of reduced anomalous absorption
contrast by a phenomenological factor γA(Lout)which reduces the size of the absorptive electron scattering
factors ( )¢f s

0 [44, 45] according to the outgoing path length:

( ) ( ) ( ) ( )g¢ = ¢f s L L f s, , 20Aout out 0

Figure 13.Relative contribution of outgoing path lengths in the experimental geometrywith outgoing angles θout. These curves are
obtained by the product of the probability distributions infigures 12(a) and (b) and by assigning the outgoing path length to the
respective values of the total path infigure 12. In theKikuchi diffractionmodel, these curves weight the distances over which
diffraction occurs from the incoherent point sources.
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( ) ( ) ( )g l= -L Lexp . 21A Aout out

The factor γA(Lout) thusworks as an additional overall reduction of theDebye–Waller factor in the calculation of
the Fourier coefficients ¢Ug of the imaginary part of the crystal potential [45], scaling the overall effect of
anomalous absorption and anomalous transmission.

Using the v-type trajectorymodel with the parametersλquasi,λin derived from theory, andwith the two
phenomenological parametersλC,λA, we can obtain a good qualitative description of our complete
experimental data with only 4 parameters. Infigure 14, we show simulations assuming the following values
λquasi=350 nm,λin=40 nm,λC=3λin, andλA=4λin. Because of the relatively broad path length
distributions as shown infigure 13, the qualitative trends shown infigure 14 are preserved even for relatively
large variations (±20% ) in the assumed parameters. This illustrates the difficulty of extracting precise
parameters concerning the distributions of path lengths and energies from experimental EBSDdatawithout
additional limiting assumptions [4, 36].

As a general trend, themodel reproduces the progressing reduction of contrast towards shallow outgoing
angles with increasing energy loss, including the experimentally observed trend to contrast reversal (e.g. lower
parts for 11 and 29 losses; see alsofigure 9).

In addition to the loss of diffraction contrast by inelastic scattering, themodel also reproduces the loss of
Kikuchi pattern sharpness due to a reduced interaction volume for the elastically scattered electrons in a
glancing-in geometry, i.e. the zone axis feature near θout=55° infigure 14 is sharper for 2 plasmon losses than
for no losses. As has been discussed before [46], after a few plasmon scatterings on the glancing ingoing path, the
Kikuchi patterns are created sufficiently deep inside the crystal for a sharp pattern to develop.

Themodel parameters are in a rangewhich is consistent with the discussion of the elastic and inelastic cross
sections in section 2 and the available knowledge concerning the reduction of interference contrast by inelastic
scattering events. Themagnitude ofλC≈3λin is consistent bothwith the partial preservation of contrast after
only a few plasmon scatterings, as well as with the long-range limit of suppression of diffraction contrast by
multiple plasmon scatterings. As has been discussed in section 2.2, the core losses will become important when
large energy losses are observed, and thuswe cannot expect our simplemodel to be valid beyond the energy
range of 0.5–1 keV. Also, the the v-type approximation is not a good approximation for the longer trajectories
associatedwith events at larger energy losses.

Comparing ourmodel with the experimental trends, the same trends are observed in both. It appears thus
that the electron distribution over energy andmomentum in a sample is created by a rather complex interplay of
multiple elastic and inelastic scattering processes, as described in themodel. Ourmodel does not aim to describe
the detailedmicroscopic scattering dynamics of energy- andmomentum exchanges and their influence onwave
coherence. Instead, we provide an approximation for the final effects of the scattering processes on the electrons
which are observed outside the sample.

Figure 14.CalculatedKikuchi patterns approximating the case offigure 7. The single quasielastic backscattering events on the
v-trajectories are assumed to occurwith amean free pathλquasi=350 nmand plasmons are createdwithλin=40 nm (number of
losses indicated on top). The decoherence length for the Blochwave intensity in the unit cell wasλC=3.0λin, and the reduction
length for the absorptive scattering factorsλA=4.0λin as explained in detail in the text.
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6. Comparison to other experiments

Thefirstmeasurement of ‘energy-resolved Kikuchi bands’was done by Boersch, as early as 1953 [47]. Kikuchi
bandswheremeasured in a transmission geometry using a low-passfilter. If only electronswere transmitted
with an energy loss less than 4eVhe observed that the diffraction spots remainedwhereas theKikuchi lines
disappeared. From this he concluded that the formation of Kikuchi lines depended on electronic excitations,
and could not be caused by just phonon excitations. Fromourmeasurements we understand that the intensity of
the Kikuchi pattern should decrease (relative to the diffraction spots, as the contribution to the contrast with
non-zero energy loss is suppressed) for such a low-pass filter but expect part to remain, as indeedwe see very
clear Kikuchi patterns for the elastic peak, in particular when the incoming beam is not glancing.Our
observation is also in contrast to that ofDeal et al [48]who also used a low-pass filter and report (using 15 keV
electrons) reduced contrast when only electrons are transmittedwith energy loss less than 500 eV. Their
geometry is with the incoming beam rather glancing, but in our case full contrast is already seen at 38 eV energy
loss, even under severe glancing in conditions.

It is of interest to compare the behaviour seen herewith thatmeasured in transmissionKikuchi
measurements, e.g. the recent work of Brodu et al [37].Within the v-type approximationwe can compare the
Kikuchi pattern as observed (at a certain energy loss and angle) for a certain outgoing path length in reflection
with that obtained for this thickness in transmission. Indeed similar results are found. For short path lengthwe
see excess bands, for larger pathlength the excess and deficit lines becomes themost salient feature, and at the
largest pathlength contrast reversal is seen. In our experiment for 2 keV energy loss the pathlength is about
1.2 μm (assuming the stopping of 0.17 eV/Å for 30 keV electrons [49] is not affected by the direction of
propagation). In the experiment by Brodu et al, contrast inversion is seen for path lengths of 0.3 and 1 μm.As
their experiment used 15 keV electrons, half the present energy, onewould expect contrast reversal in our case
for outgoing path length over 0.6–1.7 μm. Indeed contrast reversal is seen infigure 9 for incoming angles larger
than 20°, wheremore than half of the total path length is along the outgoing trajectory.

Moore et almeasured bent contour contrast as a function of energy loss [50]. He observes that the bent
contrast (an interference effect) gradually becomes less sharp andweaker with energy loss but remains visible up
to 1 keV energy loss, developing in away not too different from figure 7 and the effect of themomentum transfer
in the inelastic excitations ismodelled as an effective increase in the angular spread of the incoming beam.

In the study by Ram and deGraef [51], it was suggested byMonte-Carlo simulations that electronswith a
relative large range of energies (down to≈30%of the incoming energy) contribute significantly to theKikuchi
contrast according to their intensity in the simulated BSE spectrum. Fromour experimentalmeasurement, we
conclude that at correspondingly large losses, the contrast is veryweak relative to the background intensity and
can have a reversed contrast, whichwas not considered in [51]. In our qualitativemodel discussed above, the
varying relative Kikuchi pattern contrast as a function of energy loss is addressed by the lengthsλC andλA. These
parameters can describe the decrease of the diffractionmodulation relative to themean intensity which is due to
an increasing number of inelastic scattering events on the outgoing path.

Recently, for a convergent beam transmission geometry,Mendis studiedKikuchi contrast based on amulti-
slice approachwhich incorporates changes inmomentumdue to plasmon excitation usingMonte-Carlo
techniques [52]. He concluded that the observed decrease inKikuchi contrast aftermultiple plasmon excitation
can be reproduced by changing themomentumof the fast electron after plasmon excitation by that of the excited
plasmon.We observe here that the decrease in contrast as observed infigure 11 after n plasmon excitations along
the outgoing path can indeed be reasonably wellmodelled by convoluting the original Kikuchi line n timeswith
the corresponding broadening.

7. Conclusion

Wehave presented experimentalmeasurements of Kikuchi band contrast as a function of energy loss in a
systematically varying scattering geometry. As a general trend, we observe a reduction of diffraction contrast
with increasing energy loss. This trend is also seenwhen comparing the glancing-in geometrywith the glancing-
out setting. In the latter case, a larger fraction of the inelastic scattering events is located on the outgoing path and
the diffraction contrast is reduced faster as a function of energy loss. Our experimental data supports the
interpretation that an increasing number of inelastic losses will reduce the observedKikuchi pattern contrast,
and that an increasing fraction of electrons contributes to the backgroundwith increasing energy loss.

The inelastic losses can be seen to influence the scattered electrons due to theirmomentum transfer, i.e. the
detected direction of propagation is not the same as the one directly after the backscattering event. This causes a
smoothing out of the contrast via the loss of coherence in the scatteredwaves. For large energy losses, we observe
a trend to the reversal of the Kikuchi band contrast, which shows the influence of anomalous absorption of type-
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1Blochwaves by phonon excitation [35]. Especially at larger energy losses, corresponding to longer trajectories,
the surviving contrast is a consequence of the intricate balance between these processes. In consequence, it is not
straight-forward to predict under what conditions contrast reversal is expected for phosphor-screen based
experiments, where one integrates over all energies.We have presented a simplemodel which allows to
determine analytic distributions for the diffraction distances as a function of the scattering geometry and the
energy loss. Themodel also allows to include the resulting decoherence effects due to inelastic scattering in a
Kikuchi diffraction simulation.We have shown that themodel reproduces the qualitative trends in our
experimental observations.

Our observations indicate consequences for the possible treatment of diffraction effects inMonte Carlo
simulations. As discussed above, the distribution of Kikuchi sources will be governed byλquasi, which is about an
ordermagnitude larger than the total elasticmean free path. Concerning theMonte Carlo determination of the
path length distributionwhich is relevant for Kikuchi diffraction, a ‘last elastic scattering event’-approximation
(see e.g. [53])would thus lead to outgoing path lengths which are governed by the total elasticmean free pathλel

which are about order ofmagnitude shorter thanλquasi. In this way, the ‘last elastic scattering event’-
approximation can lead to very short outgoing paths and result in a general blurring of diffraction features. Our
results indicate that the last quasi-elastic incoherent scattering event on a trajectory should be considered as the
origin of an incoherent Kikuchi source inMC simulations, in contrast to the last elastic event in general, which is
more likely to be a small-angle, forward-scattering event contributing to the coherent diffraction effects. InMC
simulations, for increasing path lengths and a correspondingly increasing number of inelastic losses, the role of
multiple, angle-dependent plasmon scatteringwill become important. For example, the angle-dependence of
multiple plasmon scattering is neglected in the continuous slowing down approximation, where energy losses do
not change the direction of propagation in theMonte Carlo simulation.

In conclusion, we return to our initial question of why in EBSDwe can observe Kikuchi pattern contrast
under experimental conditionswhich involvemultiple, elastic and inelastic, scattering processes but no explicit
energyfiltering. Kikuchi sources are created by quasi-elastic scattering processes, which involve the recoil of
single atoms [5, 7]. This process provides the initial localization of theKikuchi sources at the atomic sites in the
unit cell, bywhich theKikuchi pattern contributions from the atomic sites are favoured compared to the other
positions in the unit cell.With reference tofigure 2(a) thismeans that quasi-elastic incoherent events do not lead
to an averaging out of contrast (see also [6]). For compoundmaterials, energy-resolvedmeasurements allow to
disentangle these site-specific distributions via the recoil-energies of different atomic species [5, 7, 54].
Concerning the relative frequency of the events which create the incoherent Kikuchi sources, we have estimated
in section 2 that themean free pathλquasi for the quasi-elastic scattering events is about an order ofmagnitude
larger than the total elasticmean free path ltot

el (table 1). At high energies, typical elastic scattering trajectories in
the solid thus involvemanymore small-angle coherent forward scattering events than incoherent, larger angle
scatterings. This is whywe apply the v-type approximation [43] for the shape of the electron trajectories, in
which a large-angle scattering event divides the total path in an incoming and outgoing part. Independent on the
actual shape of the path, however, the average outgoing path after the last quasi-elastic scattering event will
generally be of the order ofλquasi.

While the approximate shape of the electron trajectories in the solid is essentially determined by the
properties of the elastic cross sections [20], the energy distribution of the scattered electrons is determined by the
energy loss function. From themodel energy loss function for siliconwhichwe presented in section 2.2, we
calculated the inelasticmean free pathλin in table 1. Because l lquasi in, any part of a trajectory of the order of
λquasi is likely to contain several inelastic events, i.e. it is relatively unlikely that the outgoing path after the last
quasi-elastic event contains no inelastic events at all. Because inelastic scattering is known to destroy Kikuchi
pattern contrast [10], a pronouncedKikuchi pattern contrast can thus be preserved only for a relatively low
number of inelastic losses after the creation of a Kikuchi pattern source. This corresponds to a low total energy
loss or to geometries which favour short outgoing paths, i.e. for glancing incidence of the electron beam.

Our experimental observations thus fully support the arguments given in [4]where it was demonstrated that
a restricted spectral range is consistent with the observedKikuchi contrast in EBSDpatterns.Within the
spectrumof backscattered electrons, diffraction effects are not afixed fraction of the BSE signal at a given energy,
but the backscattered electrons contribute increasingly to the background intensity with increasing energy loss.
The qualitativemodel introduced in the present paper explains this experimental observation by the order-of-
magnitude factor between the largemean free path length for quasi-elastic scattering as compared to themuch
shorter inelasticmean free path. Considering that the shape of high-energy electron trajectories is governed by
elastic cross sections which change relatively slowly on the energy scale of inelastic losses [20], we can see that,
near a given energy, an increasing number of loss events needs to take place on essentially the same type of
trajectories, including the part of the trajectory after the last quasi-elastic event. Trajectories with a higher
number of losses are thus also less likely to fulfill the conditions for effective Kikuchi diffraction, which requires
that no or only a few further inelastic events occur after the last quasi-elastic event.
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