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We simulate the multiple scattering effects occurring in an (e,2e) experiment for a free-electron solid.
Realistic cross sections for elastic and inelastic scattering events are used, for all the electrons involved. The
aim of this paper is to simulate a real (e,2e) experiment, and investigate how the multiple scattering param-
eters used affect the relation between the electronic structure of the solid and the actually measured intensity.
Good agreement is found, on a semiquantitiative level, between the simulations and the actual experiments.
@S0163-1829~96!05632-9#

I. INTRODUCTION TO THE PROBLEM

In the last year a series of (e,2e) experiments was
published.1–8 For an introduction to the (e,2e) technique as
applied to solids, see Ref. 9. In these kinematically complete
coincidence experiments one tries to measure the spectral
momentum density of valence electrons in solids. The ex-
perimental results show a very clear resemblance between
the positions of maximum intensities as a function of binding
energy « and momentumq, as measured and calculated.
However, there is nonzero intensity for other«,q combina-
tions not predicted by the band-structure calculations. This
intensity is not fully understood. One of the fortes of the
(e,2e) technique should be that it is not only able to measure
the dispersion relation between« andq, but also the intensity
for each«,q combination can be directly related to the target
electron wave function. For solids this quantitative interpre-
tation of the data is hampered by the intensity away from the
dispersing peaks. Belief in the capability of (e,2e) to mea-
sure the amplitude of the wave function in momentum space
~‘‘wave-function mapping’’! is based on the proven success
of this technique for atoms and molecules.10 In these gas-
phase experiments the probability that an electron interacts
with more than one molecule is extremely small and can be
safely neglected. This is not the case for experiments on
solids, with their much larger densities. In order to minimize
this problem experiments are done at high energy~i.e., low
elastic and inelastic scattering cross sections! and with ex-
tremely thin free-standing films~.100 Å thick!. Still mul-
tiple scattering effects cannot be avoided completely. The
purpose of this work is to get a better understanding of their
influence on the spectroscopic results obtained.

II. THE „e,2e… TECHNIQUE
WITHOUT MULTIPLE SCATTERING

If a beam of high-energy electrons strikes a target, some
of these electrons will scatter from target electrons. The en-
ergy and momentum transferred by the impinging electron
ejects the target electron. In an (e,2e) measurement the scat-

tered and ejected electrons are detected in coincidence.
(e,2e) spectroscopy, as described here, involves large mo-
mentum transfers that allow us to describe the collision be-
tween impinging and target electrons as abinary collision.

We choose atomic units~a.u.! setting\51, and thereby
equating momenta and wave numbers~1 a.u. as a unit of
length corresponds to 0.529 Å; 1 a.u. of momentum corre-
sponds to 1.89 Å21!. The labelp will denote electron mo-
menta as determined outside a molecule or crystal andq the
real momentum of the electron to be ejected in the molecule
or crystal immediately before the scattering event. Scattered
and ejected electrons are detectedin coincidenceand ana-
lyzed for their energies and momenta~Es and ps for the
slower of the two electrons,Ef andpf for the faster one!.

Comparing the momenta and energies of the scattered and
ejected electrons with the momentump0 and energyE0 of
the incident electron yields the magnitudes of the momentum
and binding energy of the ejected electronbefore the colli-
sion. We thus determine the binding energy« as

«5E02Es2Ef . ~1!

At sufficiently high energies the incoming and outgoing elec-
trons can be treated as plane waves and the momentum of the
target electron before the collision is given by

q5ps1pf2p0 . ~2!

A complete description of the kinematics of each ionizing
event is thus obtained. Moreover, for high energies of the
incoming and outgoing particles the measured intensity is
proportional to the spectral momentum densityuf~«,q!u2 with
f~«,q! the electron wave function in momentum space. This
direct relation between the measured intensity and the wave
function is an outstanding property of the (e,2e) technique
and for this reason it is often referred to as electron momen-
tum spectroscopy.

The standard experimental configuration is shown in Fig.
1. Achieving sufficient momentum and energy resolution re-
quires a well collimated monoenergetic electron beam im-
pinging on a target. The incoming electron beam has an en-
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ergy of 20 keV. The two detectors are positioned at angles of
14° ~fast electron detector! and 75.6°~slow electron detector!
with respect to the incoming beam. The energies of the de-
tected electrons are.18 800 and.1200 eV, respectively.
Both detectors accept electrons emerging from the target
over part of a cone~610° for the fast electron detector,66°
for the slow one!. Under these conditions the sum of the
momenta of the slow and fast electron equals the momentum
of the incoming one, if all three electron trajectories~the
incoming and the two outgoing ones! are in the same plane.
If this is not the case then the momentum deficitq as calcu-
lated from Eq.~2! is directed approximately along they axis.
Thus, if one neglects multiple scattering effects one can as-
sociate the measured intensityI ~«,q!5I ~«,0,qy ,0! with
uf~«,0,qy ,0!u

2.

III. „e,2e… SPECTROSCOPY
WITH MULTIPLE SCATTERING

A. Introduction

The previous description of the (e,2e) process in solids is
an oversimplification. It just assumes that the momentum and
energy of the incoming and outgoing electrons as determined
outside the solid are equal to the ones in the solid at the
moment of the (e,2e) event. Even for the thinnest film~.10
nm! this assumption is only true for a small minority of the
(e,2e) events.

There are certain analogues with photoemission experi-
ments, measuring crystal momentum and these experiments,
measuring real momentum. In both cases we have an ioniza-
tion event~by photon absorption or electron scattering! and
high-energy electrons traveling to the surface and escaping
from the solid. In photoemission we have to deal with one
electron only. From the extensive literature of photoemission
we know that in principle we have to treat the whole process
~excitation, propagation, and escape from crystal! as one pro-
cess~one-step model, e.g., Ref. 12! but a three-step model as
proposed originally by Berglund and Spicer,13 treating these
three processes as independent has often proven to be useful
and is intuitively very simple. It is within a similar frame-
work that we try to describe the (e,2e) process.

The first step~excitation! will be very similar to the one
for (e,2e) spectroscopy of atoms and free molecules, and is
well understood for the high momentum transfer limit.10 All
(e,2e) experiments on solid targets mentioned above are
well within this limit. The third step~refraction at the sur-
face! will be relatively minor as the inner potential of the
solid ~10–25 eV relative to the vacuum level! is small com-
pared to the keV energy of these particles. Thus only a full
understanding of the second step seems to be necessary in
order to compare quantitatively the measured spectra~disper-

sion relationand intensity! with theory. This paper is an
attempt to model the ‘‘second’’ step for amorphous solids.

In (e,2e) spectroscopy we have to deal with the incoming
electron ~propagation away from the surface! and the two
outgoing electrons~propagating towards the opposite surface
of the thin film!. This seems to complicate the analysis in the
case of (e,2e) spectroscopy. However, the kinetic energies
of the electrons involved in the (e,2e) experiments of solids
~1 keV and up! are much higher than those in angle-resolved
photoemission~tens of eV typically! and therefore the inter-
action of the electrons with the solid is much smaller. Be-
cause the energies are high, the electrons will~on average!
travel a long distance~many interatomic distances! without
scattering~deflection and/or energy loss!. Because the scat-
tering cross sections are reasonably well known, we can cal-
culate these average distances between scattering events, i.e.,
the elastic and inelastic mean-free paths. Using Monte Carlo
procedures, we try to get an impression of the frequency at
which certain energy loss and momentum transfer combina-
tions occur and we derive how these events will affect the
measured (e,2e) intensity.

There have been two other attempts to address~part of!
this problem for (e,2e) spectroscopy. Jones and Ritter tried a
deconvolution approach of their (e,2e) data.11 Because of
the state of the art of (e,2e) at that time, their data had poor
resolution and large error bars. A comparison of their de-
convoluted data with the theory was not very conclusive.
Allen et al.14 and Matthews15 focused on coherent elastic
scattering of the electrons in a single crystal~Bragg reflec-
tions!. Most of our experimental data are for amorphous and
polycrystalline films. Indeed there are no obvious Bragg re-
flections visible in these experiments. (e,2e) data of silicon
single crystals have become available very recently and these
data seem to show clear diffraction effects.16 These single-
crystal experiments are not discussed here. Monte Carlo
simulations of the somewhat related problem of~g,eg! spec-
troscopy have been published by Rollason and Woolf.17

B. Principle of calculation

Assume now a film with thicknessT, and an (e,2e) event
occurring at deptht ~see Fig. 2!. The incoming electron trav-
els over a distancet05t/cosU0 before the collision occurs.
Due to the possible occurrence of elastic and inelastic scat-
tering the incoming energyE0 and momentump0 before
striking the solid may change byDE0 andDp0. Similarly the
outgoing slow @fast# electron travels a distancets
5(T2t)/cosUs @t f5(T2t)/cosUf# and their initial energy
decreases byDEs (DEf) and the momentum changes byDps
~Dpf!. ~Our detectors simultaneously measure a

FIG. 1. A sketch of the experimental geom-
etry of the (e,2e) experiments. In~a! we show
the range of angles measured. In~b! the usual
sample orientation is shown. Most information is
obtained from the shaded area of the sample, due
to the small mean free path of the slow electron
in this experiment.
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whole range of angles. The detected electron is analyzed,
amplified by two channel plates, and detected on a resistive
anode. From the ratio of the charge on all the four corners of
the anode we calculate the exact momentum and energy of
the detected particle~see Fig. 1!. There are minor variations
in length corresponding to the different trajectories. Also, as
the detectors measure a range of energies, there is a small
range of energy as well. We neglect these differences in
angle and energy; i.e., we assume that the effects of elastic
and inelastic scattering are the same for all electrons detected
in a certain detector.!

If we include multiple scattering effects we cannot use the
energy conservation equations~1! directly. Instead we mea-
sure the ‘‘observed’’ binding energy«observed:

«observed5E02Es2Ef , ~3!

with the actual binding energy of the electron« given by

«5«observed2D« tot, with D« tot5DE01DEs1DEf .
~4!

Similarly we have the ‘‘observed’’ momentumqobserved:

qobserved5ps1pf2p0 , ~5!

which is related to the target electron momentum before ion-
ization by

q5qobserved2Dptot, with Dptot5Dp01Dps1Dpf .
~6!

Because of our experimental geometryqobservedis always di-
rected along they axis. As is clear from Eq.~6!, target elec-
trons withq directed away from they axis may contribute to
the measured intensity ifDpx

totÞ0 or Dpz
totÞ0.

One event without elastic scattering~Dptot50! and inelas-
tic scattering~D«tot50! will be detected at an~«,q! combina-
tion whereuf~«,q!u2Þ0. The sum of the contributions of all
particles where bothD«tot50 andDptot50 would resemble
the spectral momentum densityuf~«,q!u2.

If only inelastic scattering events have occurred, the ob-
served binding energy will be shifted to larger values by an

amountD«tot. Thus the contribution of all particles with this
value ofD«tot will resembleuf~«,q!u2 shifted by this amount
to larger binding energies.

In Fig. 3 we illustrate the effects for the case of a free-
electron solid. The dispersion relation is for this case

«q5«02uqu2/2m* , ~7!

where«0 is the Fermi energy of the solid andm* the effec-
tive mass of the electron. Only the states with positive bind-
ing energy will be occupied. The spectral momentum density
is given by

uf~«,q!u25cd~«2«q!, ~8!

wherec is a normalization constant.~Away from the Bril-
louin zone boundaries this is a useful starting point for most
solids.!

If only elastic scattering events have occurred the situa-
tion is a little more complicated than the energy loss case,
because of the vector nature ofp. If Dptot5~0,Dpy ,0! the
measured parabola will be shifted along the momentum axis
and has its minimumDptot away from zero momentum. If
Dptot5(Dpx,0,Dpz), the measured dispersion curve~again

FIG. 2. Definition of the angles and distances used to describe
the (e,2e) event.

FIG. 3. Possible effects of multiple scattering on the measured
dispersion relation. The events with no additional multiple scatter-
ing in any of the three trajectories involved will contribute to the
intensity along the thick line. Those particles for which only inelas-
tic multiple scattering occurred of say 10 eV will add to the inten-
sity along the lower dotted line. Those particles that experience
elastic scattering in they direction will contribute to the intensity
along the dispersion curve shifted by 0.5 a.u. If scattering occurs
causing a momentum shift along thex ~or equivalently thez! direc-
tion it will cause intensity along a line shifted upwards relative to
the clean data.
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for a free-electron solid! will appear as «5«0
2[(Dpx)

21q y
21(Dpz)

2]/2m* instead of «5«02q y
2/2m* ;

i.e., the curve is shifted along the energy axis by
[(Dpx)

21(Dpz)
2]/2m* . Examples of the effects of the dif-

ferent possible multiple scattering types are shown in Fig. 3.
Of course, combinations of these different types may occur
as well~energy loss combined with momentum transfer in an
arbitrary direction!.

We put the simulated intensity in a two-dimensional array
I(«observed,qy observed). In principle we could select for each
incoming electron a specific target momentumq, calculate
its binding energy«q according to Eq.~7!, and if the momen-
tum qobservedis directed along they axis, increment the array
element«observed,qy observedby 1. This would be a very time
consuming way of simulating a spectrum. In reality we as-
sume that each simulated event represents a large number of
electrons with thisD«tot,Dptot combination. The contribution
of this class of events will be a complete dispersion curve
shifted by Dptot,D«tot as described above. Thus from the
simulation ofN (e,2e) events~typically, N55000–10 000!
we get the following estimate of the measured (e,2e) inten-
sity:

I~«observed,qy observed!

5(
i51

N

uf~«observed2D« i
tot ,qobserved2Dpi

tot!u2

5(
i51

N

uf~«observed2D« i
tot ,2Dpxi

tot ,

3qy observed2Dpyi
tot ,2Dpzi

tot!u2. ~9!

This quantity can be compared directly with the experimen-
tally measured spectra.

C. Details of Monte Carlo procedure

There are many other~some much more sophisticated!
Monte Carlo studies published about electron-solid interac-
tion. See, for example, Refs. 18–20. Here we describe our
method briefly. As we are, at this stage, mainly concerned
with understanding the basic physics of the (e,2e) spectra,
rather than getting an accurate fit of these, our approach is
somewhat rudimentary, especially as far as the energy loss
part is concerned.

In the calculation the first random number generatedR1 is
used to determine the deptht at which the (e,2e) event oc-
curs (t5R1T). ~All random numbers are taken from a ho-
mogeneous distribution between 0 and 1, unless otherwise
stated.! Now we have to simulate three trajectories for elec-
trons with energyE0, Es , andEf and trajectory lengtht0, ts ,
andt f , respectively. This is a standard problem and the pro-
cedures followed for each of the trajectories are identical.
We describe this procedure next, referring to the energy as
Ex and the trajectory length astx ~wherex represents 0,s, or
f !. For the inelastic energy losses we consider only the plas-
mon excitation processes. An estimate of the inelastic mean
free pathlpl of an electron with energyE can be obtained
using an expression derived by Quinn:21

lpl5
2a0Ex

Epl
S lnF ~EF1Epl!

1/22EF
1/2

Ex
1/22~Ex2Epl!

1/2G D 21

, ~10!

with a0 the Bohr radius andEpl the ~experimentally deter-
mined! energy of the plasmon.

For the elastic scattering we are especially interested in
those events with small angle scattering. If an electron is
deflected over a large angle it will have only a very small
probability of causing a coincidence event. After a small
angle deflection the electrons may still cause a coincidence,
but the momentum cannot be inferred anymore from Eq.~2!.
Thus these small angle deflections are in a way more serious
than the large angle ones. It is therefore important to use the
right elastic cross section at forward angles. In this paper we
treat elastic scattering in two different ways. The simplest
way ~used unless stated otherwise! assumes a screened Cou-
lomb interaction, which allows~in the Born approximation!
for a simple analytical expression for the cross section. A
somewhat more sophisticated approach uses the actual
~Hartree-Fock! wave function of the free atom22 and calcu-
lates from this, in the Born approximation, the scattering
cross section. The scattering cross section obtained in this
way is larger for small momentum transfer~see Fig. 4!. In-
stead of an analytical expression we store the cross section in
a look up table. In the Born approximation, the differential
cross section depends on the transferred momentum only.
Thus we can use the same table for all three trajectories~but
for each particle energy the same momentum transfer will
correspond to different scattering angles and the integrated
cross sectionse depends on energy as well!. From these
atomic cross sections we obtain the elastic mean free path in
the solid by

le5
1

Nse
~11!

with N the number of atoms per unit volume in the solid.
For each of the trajectories we treat elastic and inelastic

events independently. For the inelastic events the depthtpl at
which plasmon excitation occurs is

tpl52lplln~R2!. ~12!

If tpt is larger than the length of the trajectoryt the excitation
will not take place. If excitation takes place we decrease the
energy of the particle with the plasmon energy. The plasmon
energy distribution is approximated by a Gaussian, centered
at the mean plasmon energy. Both the width and the energy
of the plasmon can be obtained from electron energy-loss
spectroscopy data.23 For each plasmon excitation the energy
is selected by a random numberR3 taken from this distribu-
tion.

Now we consider the remaining length ist2tpl . We cal-
culate a new distance at which a plasmon is excited and see
if this distance is smaller than the remaining length. If this is
the case we reduce the particle energy by another plasmon
quantum chosen from the same distribution. This process is
repeated until the next scattering distance is larger than the
remaining length.

54 5949MONTE CARLO SIMULATIONS OF (e,2e) . . .



The elastic part is dealt with independently in a similar
way. Again we determine the position of the first elastic
scattering event:

te52leln~R4!. ~13!

If this distance is smaller than the trajectory length we deter-
mine the polar scattering from

R55
2p

se
E
0

u dse~E,U!

dV
sinUdU. ~14!

When we use a screened Coulomb potential we do this ana-
lytically ~see Ref. 20!, otherwise we use an array containing
the integrated cross section~see Ref. 19!. Finally the azi-
muthal angle is obtained from

f52pR6 . ~15!

Again this procedure is repeated until the next scattering
event is beyond the remaining length of the trajectory.

After all three trajectories are simulated, all energy losses
and momentum transfers are added and we increment the
appropriate array elements simulating the measured intensity
by 1 @see Eq.~9!#.

IV. SIMULATION RESULTS

A. Energy-loss simulations

In these simulations, the energy-loss processes are treated
in a very rudimentary way. The expected agreement can be
estimated by comparing the simulated energy-loss spectra
with the experimental ones. In these~noncoincident! mea-
surements, the analyzer is at a large scattering angle~14° for
the fast electron detector and 76° for the slow one.! We
assume that elastic scattering occurs~from the nucleus, with-
out significant energy transfer! at deptht ~determined from a
random number!, and calculate the length of the incoming
and outgoing trajectories and simulate the energy-loss pro-
cesses as described above. The results are convoluted with 1
eV, the approximate resolution of these experiments. The
results are displayed in Fig. 5 for carbon films of about 100
Å thick. These carbon films show a clear indication of the
presence of two energy-loss structures the ‘‘p’’ plasmon
around 6 eV and another loss feature around 25 eV. Only the
latter was included in the simulations. Clearly the energy-
loss processes are much more frequent for the slow electrons
compared to the fast ones. The simulated data were convo-
luted with a Gaussian of 1 eV width. In the low-energy case

FIG. 4. The cross section derived in the Born approximation
from either a screened Coulomb potential or from the actual atomic
Hartree-Fock wave functions. The latter is considerably larger for
small momentum transfer.

TABLE I. The expected number of clean (e,2e) events for different spectrometer configurations. As an example a 100-Å-thick Al film
was chosen as target. Also shown is the Mott cross section@i.e., the cross section for (e,2e) events# for that scattering geometry. Clearly with
higher energies and decreasing asymmetry the fraction of clean (e,2e) events increases, but the cross section for (e,2e) scattering decreases.
@E0, Es , Ef , U0, Us , andUf as defined in Fig. 2.Nelastic: the number of (e,2e) events per 1000without elastic scattering;Ninelast: the
number of (e,2e) events per 1000without inelastic scattering;Nnone: the number of (e,2e) events per 1000withouteither elastic or inelastic
scattering;Taverage: the average depth at which events without elastic and inelastic scattering occur, as measured from the surface facing the
analyzers; cross section: the cross section for (e,2e) events in arbitrary units.#

E0
~keV!

Es

~keV!
Ef

~keV! U0 Us Uf Nelastic Ninelas Nnone

Taverage
~angstrom!

Cross
section

20 1.2 18.8 30 76 214 58 177 32 4.5 11578
100 1.2 98.8 30 84 26 86 214 63 6 12547
100 6 94 30 76 214 380 595 262 27 1035

20 10 10 0 45 45 290 452 168 28 354
40 20 20 0 45 45 522 651 346 34 125
100 50 50 0 45 45 753 812 621 45 32
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~1.2 keV!, we clearly underestimate the energy loss intensity.
The agreement for the 18.8-keV electrons is better. Clearly
the experimental zero loss peak~especially for the slow elec-
tron detector! is not too well described by a Gaussian distri-
bution, its intensity falls off less quickly than the Gaussian
with the same full width half maximum as the measured
peak. Inclusion of these tails~by describing the line shape by
a convolution of a Lorentzian and a Gaussian! would en-
hance the agreement somewhat. Thus we can only expect
qualitatively correct simulations of the (e,2e) measurements
as far as the energy-loss features are concerned.

B. „e,2e… spectroscopy: amount of valid data

Part of the spectrum of an (e,2e) experiment will consist
of events without additional energy losses and momentum
transfer due to elastic scattering. Only these events are di-
rectly related to the target electron wave function. Thus, it is
very important to maximize the number of these ‘‘clean’’
events. In Table I we give an overview of the number of
clean events per 1000 incoming particles for the present ge-
ometry, and some other possible experimental configura-
tions. Also displayed is the Mott cross section for (e,2e),
i.e., the likelihood that an (e,2e) event will take place. In an
ideal experiment one would like to optimize both cross sec-
tion and the number of clean events. In practice, increase of
one means a decrease of the other. In the present setup, the
emphasis was on increasing the cross section. Clearly only a
small fraction of the (e,2e) events is not accompanied by
energy losses and/or elastic scattering. Still it is possible to
distinguish these clean events from the contaminated ones as
the clean intensity is concentrated in very specific
momentum–binding energy combinations. Another interest-

ing parameter that can be simulated easily is the dependence
of the number of clean events on the angle between the in-
coming beam and the surface normal, i.e., the effect of ro-
tating the sample around they axis of Fig. 1. The effect on
the count rate is shown in Fig. 6. Clearly there is an optimum
at .30°. In the same plot we show the average depth from
which the clean events originate~as measured from the sur-
face facing the analyzers!. This depth is smaller for those
configurations where the slow electron detector is at a glanc-
ing angle with the surface. This effect has been used to dis-
tinguish the surface contribution from the bulk one.7

C. „e,2e… valence-band spectrum

The main aim is to compare the measured valence-band
intensity with the simulated one. This is done for a highly
oriented pyrolitic graphite~HOPG! sample. Details of
sample preparation and measurement are given elsewhere.2

The HOPG sample has a well definedc axis but is polycrys-
talline in the direction perpendicular to this axis. They axis
of the experiment is perpendicular to thec axis of the crystal.
This has as a consequence that~in first approximation, with-
out multiple scattering! the p electrons do not contribute.
The main feature visible in the experiment is derived from
the s1, s2, ands3 bands. This feature has roughly a para-
bolic shape, but does not extend all the way to the Fermi
level. In the simulations we use a free-electron parabola with
a Fermi energy equal to that of carbon. The resulting mo-
mentum densities are plotted as a function of binding energy
~relative to the Fermi level! for both a simulation using a
screened Rutherford cross section and a simulation using the

FIG. 5. The measured and simulated energy-loss spectra for a
thin .100-Å annealed amorphous carbon film for the slow~1.2
keV! electron and the fast~18.8 keV! electron. The simulation only
includes the main plasmon at 25 eV, but in the experiment there is
also an indication of thep plasmon at around 6-eV energy loss.

FIG. 6. The number of clean (e,2e) events~i.e., no elastic or
inelastic scattering! per 1000 incoming particles as a function of
angle between the incoming beam and the surface normal. Also
shown is the average depth~as measured from the surface facing
the analyzers! of these clean events. Those configurations with the
slow electron detector at a glancing angle are most surface sensi-
tive. Optimum count rate is obtained around 30°.
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wave-function-derived cross section. We show in Fig. 7 the
result of a simulation run using 300 and 10 000 particles as a
grey-scale picture using the wave-function-derived cross sec-
tion. In the case of 300 particles we can still recognize the
individual parabolas corresponding to different events. For
the one with better statistics the distribution is fairly smooth.
Clearly visible is the intensity related to the clean events, and
that related to multiple scattering. A more quantitative com-
parison with experiment can be made more easily from the
plot of the measured and simulated dispersion curves. This is
done in Fig. 8. The resemblance between simulation and
experiment is, for the rough model used, surprisingly good.
In particular the intensity in between the two dispersing
peaks is reproduced nicely. The simulations were done both
for the cross section derived from the screened Rutherford
potential, and for the wave-function-derived cross section.
For the first case the ratio of the intensity between the dis-
persing peak and the intensity of the peaks itself is somewhat
lower, as expected because its cross section is smaller at
forward angles. The wave-function-derived cross section
seems to reproduce the experimental data somewhat better.

In the simulations we convolve the simulated intensity
with an energy resolution of 4 eV and a momentum resolu-
tion of 0.3 a.u. There are some sharper features in the mea-
sured data@e.g., the core level of carbon has an experimental
width of .2 eV ~Ref. 3!# so we think that part of this width
is due to the sample, rather than spectrometer resolution.
Things like lifetime broadening or surface effects may con-
tribute to the width as well.

D. „e,2e… spectrum over a larger energy range

A large number of (e,2e) events are accompanied by
more than one plasmon excitation. In the experiment this
gives rise to a background extending all the way down to the
carbon 1s core level~285 eV!. This background was studied
in some detail.24 It was found that the momentum distribu-
tion increases in width with increasing energy loss. It was
argued that large energy-loss events are due to (e,2e) events
taking place at small depth (t), i.e., with a large length of the
slow trajectoryts . This electron has the shortest mean free
path ~both elastic and inelastic! and thus multiple plasmon
creation will be usually accompanied by multiple elastic
scattering. In Fig. 9 we show the measured intensity inte-
grated over momentum from23 to 3 a.u. together with the
results from the simulation. Clearly, the simulation drops off
somewhat too quickly as could be expected since the slow
electron energy-loss intensity~see Fig. 5! is too small. Still,
considering the approximations made, the agreement is rea-
sonable. Also interesting is the comparison of the momentum
distribution of the measurement and simulation as a function

FIG. 7. In ~a! we show a gray-scale plot the result for a carbon
film simulated with 300 different (e,2e) events. The parabolas de-
rived from individual events are still clearly visible. In~b! we have
a similar picture, but now for a simulation using 10 000 events. The
distribution is now much more homogeneous, and only the clean
(e,2e) events stand out as a clear parabola. In~c! we have the
experimental results of an actual experiment using a HOPG sample.
It resembles the simulations in many ways.

FIG. 8. The momentum densities for different binding energies
as indicated. The left panel is for the simulated experiment. The
thick line is for a simulation using cross sections derived from the
Hartree-Fock wave functions, the thin line is for cross sections de-
rived from a screened Coulomb potential. The latter one has more
pronounced peaks in the simulation. The right panel shows the ex-
perimental data for HOPG. The general features of the experiment
are very well reproduced by the simulation.
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of energy loss. This is done in Fig. 10. For more easy com-
parison, the heights of the distributions are scaled to equal
height in each panel. Both the simulated and measured mo-
mentum densities broaden with increasing energy loss, in a
surprisingly similar fashion.

V. CONCLUSION

In this paper we describe a Monte Carlo approach to the
interpretation of (e,2e) data. We treat the elastic and inelas-
tic scattering independently. The elastic scattering is taken to
be completely incoherent in this approach. As far as inelastic
scattering is concerned, only plasmon losses are considered.
The simulations are done without adjustable parameters, all
input to the program is derived from theoretical estimates of
the interactions. It is surprising that within this framework it
is possible to describe the (e,2e) data semiquantitatively;
i.e., we reproduce all the striking features of the spectra. The
main deviations are probably due to~i! inaccuracy of the
treatment of inelastic scattering,~ii ! oversimplification of the

model spectral momentum density used, and~iii ! uncertainty
in the thickness of the sample. This paper shows, however,
that this type of approach of the description of (e,2e) mea-
surements is very promising and may develop into a fully
quantitative description of (e,2e) experiments. This would
make quantitative tests of the electronic structures of mate-
rials possible, in the same way as has been done for the case
of atoms and molecules.
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