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Abstract

A jricf overview of the (e,Se) technique as applied to solids ia reported,

including the spectrometer used in these studies. In particular we describe

how the energy resolution of our spectrometer lias been improved by the

addition of an electron monochromator for production of the incident electron

beam. This monochromator is also discussed in some detail. Results obtained

using the monochromated beam are compared with previous data collected

with a standard electron-gun source.

I. INTRODUCTION

Many different spectroscoptc techniques have provided detailed information on the elec-

tronic structure of materials. The type of information obtained depends on the measured

parameters. Some very successful techniques that have been used in recent times are photo-

electron speclroscopy [1|, Compton scattering (2|, positron annihilation [3| and (e,2e) elec-

tron momentum spectroscopy [4,5]. The performance of any of these techniques depends on
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the precision with which the experimental results are obtained. In this paper we describe

how results from the (e,2e) technique benefit from the increased energy resolution obtained

by the addition of an electron monochromator to the coincidence spectrometer.

The (e,2e) technique allows the energy-momentum density of electrons in solids to be

mapped directly. The very first (e,Se) experiment on solids by Amaldi el al. [6], had an

energy resolution of 150 eV. In these experiments the different valence states of carbon

could not be resolved, however they were able to resolve the core state from the valence

states. It took a further decade before the energy resolution had improved by an order of

magnitude. Indeed it was not until the experiments of Ritter et al. [7[ , where the energy

resolution had been increased to about 6 eV, that some structure of lh<! valence bands could

be resolved. More recently the spectrometer described by Storer el al. (8J obtained an energy

resolution of « 1.5 eV. This resolution has been improved further with the addition of an

electron monochromator. In Fig. 1 we plot energy resolution as a function of time for (e,2e)

experiments from solids in order to emphasize how the progression of technology has led to

better energy resolution. All of the papers cited in Pig. 1 |G--13] have played a significant

role in the development of (c,3c) spectroscopy of solids. Al. the same time the momentum

resolution has improved considerably from the first experiments, down to 0.15 atomic units

for our (e,£e) experiments. Moreover data collection efficiency has significantly increased

over time, coincidence rates these days being improved by at least a factor of 100 over

those of a decade ago. These developments thus make (c,Sc) spectroscopy a very attractive

technique for determining the electronic structure of materials.

The application of (e,2e) studies to solid targets has not been as rapid as those to

gas-phase targets [4] due to the increased complexity of the interaction. The much higher

density of the solid target requires more energetic electrons than gas phase experiments.

However an advantage of having a higher target density is that less incident electron beam

current is required to perform an (e,Se) experiment. For this reason it seemed quite feasible

to monochromate the incident beam in our (e,Se) experiment. This has been done very

successfully in the past for energy loss gas-phase experiments, see for example Trajmar



el al. \\4], and an (e,2e) experiment on argon |15J. More recent experiments by Ibach

|16] have been reported using an electron monochromator for energy loss experiments on

solids. We note, however, that until this study there had not been an attempt to employ

monochromated electrons in (e,2e) experiments on solids.

We report here on the (e,2e) spectroscopy of solids, the electron monochromator that we

designed and built and some of the results that have been achieved thus far. These results

clearly illustrate the improved performance of the spectrometer after the addition of the

inonochromator.

II. (EM) SPECTROSCOPY

The notation (e,Se) represents a process in which a high energy incident electron (energy

Co, momentum ko) knocks out a target electron, with subsequent detection of both outgoing

electrons. These outgoing electrons are detecicd in coincidence to ensure they originated

from the same scattering event. After detection of the (c,2c) event, the energies (Ef and

/i4) ami moinenUi (k/ ami k3) of both outgoing electrons are determined. For convenience

we have respectively labelled the outgoing electrons with the subscript /for the faster one

and s (or tlie slower one. The binding energy £ and momentum q of the target electron

before the collision are given by the following conservation laws:

£=£„-/£,-£}. (1)

q = p3 + p/ - p0- (2)

Hence the fe,2e) technique is kinematically complete, that is all the kinematic informa-

tion regarding the scattering event is obtained. During an (e,2e) experiment the energy-

resolved electron momentum density is measured. In the independent particle approximation

this is equal to the absolute square of the momentum space wavefunction (|<£(£, q)|2), hence

the common reference to 'wave-function mapping'. The (e,2e) technique therefore directly
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determines the electron distribution in momentum space in the system of interest, and is

consequently commonly referred to as electron momentum spectroscopy (EMS).

A. (e,2e) Spectroscopy of Solids

(e,2e) experiments on atoms and molecules are now well established. These measure-

ments have been and continue to be performed successfully, for example see McCarthy and

Weigold [17). They are conducted with electron energies of the order of 1.5 keV. With re-

spect to solid state targets the progression has been relatively slower due to complications

that arise from the high density target samples. With solids one is also required to use

a transmission mode in order to determine |<£(s,q)|J for all q, as is illustrated in Fig. 2

which shows the geometry used in the present measurements. This requirement, means that

the solid state targets must be very thin membranes (< 200 A) to enable the electrons to

emerge from the back of the film. In spite of our targets being very thin they still have a

higher density than a gaseous target (used in atomic and molecular studies) so that much

higher electron energies are needed to avoid additional scattering. Indeed by making the

samples as thin as practicable and maximising the electron beam energies we minimise the

possibility of multiple scattering. A multiple scattering event occurs when any of the three

electrons involved in the (e,2e) reaction undergoes either an elastic or inelastic scattering

event other than the (e,2e) event. This is discussed in detail by Vos and Bottema [18].

Multiple scattering, as well as giving (e,2e) events with changed energies (due largely to

inelastic events such as plasmon excitation) and momenta (due to both elastic and inelastic

events) gives rise to increased background events and hence reduces the coincidence signal

to random background ratio. This in term implies that longer collection times are required

to obtain the desired high statistical accuracy on the data.

For solid-state targets there are infinitely many energy levels which constitute an energy

band. Often rather subtle differences in the structure of various solids are the origin of

different macroscopic properties. It is thus important to maximise the energy resolution in



order to obtain a detailed and accurate description of the energy bands. Hence the rationale

for the continuing push for higher energy resolution in (e,2e) experiments on solids.

B. Solid-state (e,Se) spectrometer

The present (e,Se) spectrometer was designed for the study of solid targets with the

aim of producing high coincidence count rates, good energy resolution and good momentum

resolution. To achieve these criteria an (e,2e) coincidence spectrometer was built that utilises

asymmetric, non-coplanar kinematics. A schematic representation detailing these points is

shown in Fig. 2. For more details on this spectrometer see Storer et al. \8\.

During a typical (e,2e) experiment on valence electrons the incident energy is 20 keV,

with the energy of the fast electron nominally 18.8 keV and the energy of the slow electron

about 1.2 keV. Constant polar angles of 14° and 76° degrees are used for the detection of

the fast and slow electron respectively. With this geometry the measured momentum q

for a coplnnar event is zero. A range of azimuthal (out of the plane} angles are measured

simultaneously. The fast electron is detected in a hemispherical analyser whilst a toroidal

analyser detects the slow electron. Each electron analyser has a two-dimensional position-

sensitive detector mounted at its exit, enabling a range of target electron binding energies

e and momenta q to be measured simultaneously. This is a major advantage as it greatly

improves the (e,2ej coincidence rate.

The choice of asymmetric kinematics is very important for optimising the energy reso-

lution. This follows as it makes it possible for the main high voltage power supply to be

shared by both the electron gun and the fast electron analyser (see Fig. 3). This in turn

ensures that any drift or ripple in this power supply is cancelled out,'i.e. £, as determined

from Equ. (1), is not affected by any drift or ripple and hence the energy resolution is not

degraded. Only the stability of the other power supplies in Fig. 3 are of importance. Since

these are only of the order of 1 keV, stabilities of 100 mV are easily obtained.

The choice of asymmetric kinematics also provides for smaller momentum transfer (K)



and hence a larger coincidence cross section since the electron-electron cross section is pro-

portional to K~4 where :

K = p» -pj. (3)

An additional advantage of using asymmetric kinematics is that the (e,2e) measurement is

sensitive to the surface of the target facing the slow electron analyser. This arises because

the escape depth of the slow electron is only about 20 A, hence the (e,Bc) event must occur

in the outermost layers. The surface sensitive nature of the experiment makes it possible

to perform adsorbate studies (Vos et al. |19]). It also makes possible the measurement of

samples which have been evaporated onto a thin substrate by positioning the sample with

the evaporated layer facing the slow electron analyser.

Previous (e,Se) measurements conducted with this spectrometer used an incident beam

that was not monochromated J20-25). The measurements revealed the energy-momentum

densities of the valence bands of the material being studied. They also showed that pro-

vided samples can be produced with thickness' < 200A, the criterion of high coincidence

count rates can be met. Typical (c,2c) measurements with this spectrometer take a few

days to complete. The energy and momentum resolution have been measured in separate

experiments and found to be 1.5 cV and < 0.15 atomic units respectively ( Storer ct al

(8J). In order to improve the energy resolution and obtain sharper and more detailed EMS

information for the targets of interest, the original electron gun was replaced by an electron

monochromator.

III . ELECTRON MONOCHROMATOR

An electron monochromator was designed and constructed to produce an incident elec-

tron beam of appropriate flux but with better energy resolution than had previously been

achieved in (e,2e) experiments on solids.

The incident beam used in the previously mentioned (e,2e) experiments was believed to

be the major component restricting our energy resolution. This was verified by examining the



guns performance during elastic scattering experiments. In these experiments the incident

beam energy is tuned to the energy of either of the two analysers i.e. theae experiments

are single electron scattering experiments. Typical results for these experiments axe shown

in Fig. 4. The full width at half-maximum (FWHM) of the elastic peak arising from

the combination of the beam and hemispherical analyser and from the beam and toroidal

analyser, was found to be about 0.7 eV in both cases. The FWHM of the elastic peak is

given by

| (4)

An important point to note here is that these elastic scattering experiments are performed

with much lower beam currents (factor of 1000) than those used in an (e,2e) experiment.

Under these circumstances, i.e. for experiments performed with low beam currents, we have

A£(,:Om R= AHWrnvj where &Eilu:rmai « 2MkBT = T/4570K eV. From source brightness

considerations we estimate the temperature of the tungsten filament to be 2800 K, leading

to u. Alithcrmai ~ 0.6 eV ( see Ibacli |1G] or Ktempcrer [26] for more details). This implies

from (4) an energy resolution of about 0.4 eV for each analyser. When going from an elastic

scattering experiment to an (e,2e) experiment the beam current must be increased, resulting

in an even poorer energy resolution due to space charge effects. This is not the case when the

beam is monochromated. The total coincidence energy resolution of the spectrometer during

an (e,Se) measurement is determined by the addition of each component in quadrature, i.e.

where FA and SA are the fast and slow electron analysers respectively. The measured

(e,2e) energy resolution, without monochromation, of around 1.5 eV [8] and given AE(F/1)

a A E J J J I ~ 0.4 eV indicates from (5) that the incident beam is the major factor preventing

improved energy resolution.

The electron monochromator is required to provide maximum energy resolution whilst

maintaining sufficient beam current to perform (e,2e) experiments. The monochromator



consists of three major components, a gun lens stack, an energy selector (180° electrostatic

deflector) and a target lens stack. A schematic view of the electron monochromator and the

collision chamber which contains both analysers is shown in Fig. 5.

The design and method of construction of the present monochromator, including the

relevant voltage supply modules for the individual electron-optic lens and hemispherical

elements, was based on that developed for EMS studies on larger molecules [27]. Whilst

both these monochromators employed hemispherical energy selectors and a cylindrical lens-

element geometry, there are significant differences between them. These differences arose

due to the particular, stringent, requirements of the present application of monochromated

electrons to (e,2e) studies on solids. These include a beam spot size of diameter about 200

/an, zero beam angle at the target and superior momentum resolution. A full discussion of

these points and the major design criteria of the present apparatus are given below.

A. Gun Lens Stnek

The design of the gun lens slack (and for that matter the target lens stack) was based

on our requirements that the beam at the the target had a small spot size, zero beam angle

and high momentum resolution. These criteria were in general met by ensuring that in the

design of the monochromator the magnification of the respective lenses was kept close to

unity, the pencil angle divergences were minimised and the electron filling factor i\ of the

lenses was always kept below 0.4. This latter criterion in turn minimised potential problems

due to spherical aberration effects. The lenses were designed with the aid of Harting and

Read [28]. A schematic of the gun lens stack is shown in Fig. 6.

The electron source is a tungsten hairpin filament mounted in a standard triode config-

uration. The triode configuration contains a Pierce element (Gl) [29], an anode aperture

(GA) and a collimating aperture (GA1) which also defines the entrance window to the first

three cylinder lens GLl. Electrons that are thermionically emitted from the tungsten fila-

ment (ea'Jiode) are repelled from the source by applying a negative voltage to Gl (typically



-2.5 V). A positive potential of about 80 volts is applied to GA so that the electrons ex-

tracted from the cathode are focussed by GA onto GA1. All potentials listed are relative

to the cathode potential unless otherwise stated. In addition a potential of 180 volts on

GA1 is typically required to extract sufficient electrons from the source. We note that the

major role of GA1 is to provide some initial collimation of the electron beam. The three

cylinder lens GL1 (G/D = 0.1, A/D = 1.0, where G and A are the lens gaps [28] and D is

the lens diameter, D = 10 mm) takes the electrons from GA1 and images them onto the

physical defining aperture GA3 {<j> = 0.6 mm) i.e. GA3 is placed at the image distance (Q)

of GL1. All three element cylindrical lenses described in this paper have the same values of

G,A and D. The next three cylinder lens GL2 decelerates and focusses the electron beam

from GA2 {<$ = 0.8 mm) and images it onto a virtual aperture at the entrance plane of

the energy selector. By placing GA2 at the object distance (P) of GL2 we have ensured

that an exchange of window and pupil takes place. In addition we have separated the two

"field-free" apertures GA2 and GA3 by as much as practicable to minimise j], aberration

effects and the pencil angles of the beam at the selector entrance. Note that by adopting

the "window-pupil" exchange configuration we also effectively ensure a zero beam angle at

the selector entrance.

Theoretical operating potentials of the three elements in GL1 are VI = 180 Volts; V2

= 480 Volts; V3 - 60 Volts. For the second lens system GL2 the corresponding potentials

are VI = CO Volts; V2 = 150 Volts; V3 = 30 Volts. The two deflector sets \n the gun lens

stack are used purely to steer the electron beam through the stack, they do not have any

focussing action on the electron heain.

B. Energy Selector

The energy selector is the core of any electron monochromator. An electrostatic hemi-

spherical analyser was chosen as the energy selector for our monochromator. The report of

Brunt el al. (30] described a 180° electrostatic deflector which had the feature of the elec-



trostatic deflectors being sUtless, that is, the entrance and exit planes of the selector did not

contain any physical apertures. This feature is also utilised in the energy selector reported

here. The main advantage of virtual apertures over physical apertures is that the beam

does not have to pass through an extra set of apertures with the associated current loss.

Furthermore there are no additional disturbances to the electrostatic field at the entrance

and exit of the selector. A full discussion of these fringe field effects can be found in Brunt

et al. [30]. The energy selector focusses the electron beam from the entrance to the exit

plane with a magnification of one.

The selector is constructed out of two aluminium hemispheres, the radius of the inner

hemisphere, rinncr = 38 mm and the radius of the outer hemisphere, TW^ = 62 mm. This

gives a mean radius of the hemispherical deflector of ra = 50 mm. The major constraint on

the size of the hemispheres is the physical size of the vacuum chamber. From Imhof el al.

[31) the potentials that need to be applied to the inner and outer hemispheres are 49.0 Volts

and 18.4 Volts respectively, for a mean analysing potential of Vo = 30 volts. It is desirable

to be able to vary Vo in order to optimize the energy resolution and beam intensity. The

full energy width at half maximum, A/?(,om, is given by Read cl al. [32] as

(6)

where r, = radius of the beam at both the entrance and exit of the selector, n=2 for a hemi-

spherical selector [32], L, = representative dimension of the selector which is consistently

taken to be the distance in a straight line between the entrance and exit positions(= 2rJ

and 6S = pencil angle at the selector entrance. From Read ct al. [32|, the functions ai/2 and

0i/2 are dependent on 8,, r, and L,. Using this information they are found to be 1.63 and

0.23 for a 180° deflector. For our case, with Vo = 30 eV, r. = 0.877 mm, L, = 100 mm and 0,

= 6.26 mrads, we get from (8) a theoretically determined energy resolution A/?(h.am) = 0.43

eV. This compares favourably to that obtained by Storer et al. [8), without monochromation,

of A£ ( t om) = 1.39 eV. Note the value 0.43 eV should be considered as a lower bound to

that which is attainable experimentally due to tlie existance of space charge and fringe field
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effects that are not accounted for in equation (8).

C. Target Lens Stack

The target lens stack is required to accelerate the beam from 30 eV kinetic energy up to

20 keV to meet the requirements for the incident beam used in an (e,2e) experiment. This

acceleration is performed in three stages. The electron beam is first accelerated from 30 eV

to 300 eV via a three element cylinder lens TLl. Another three element cylinder lens, TL2,

accelerates the beam from 300 eV to 2 keV. The final acceleration from 2 keV to 20 keV is

undertaken by a two clement cylinder lens. This lens is labelled acceleration stage in Fig.

5. A schematic of the target lens stack is also shown in Fig. 6.

The target lens stack, consisting of lenses TLl and TL2, transports the beam from the

selector exit to the object position of the acceleration stage, before final acceleration. In our

design of this lens stack we have also incorporated two defining apertures (TA1 and TA2)

in the field free region and we have again configured them for window-pupil exchange. To

achieve this exchange of window and pupil we require tile electron beam to be focussed from

the selector exit plane to the second defining aperture TA2 {<f> = 0.3 mm) placed at the

image distance of TLl, whilst the first defining aperture TA1 (<j> = 0.3 mm) is at the object

distance of TL2. Further we ensured that TA2 remains close to the first focal plane of TL2

to produce a zero beam angle for later imaging and acceleration by the acceleration stage.

In addition the aperture diameters of TA 1 and TA2 were deliberately chosen to be very

small to minimise the beam pencil angles. Typical operating potentials for the lens stack

TLl are VI = 30 Volts; V2 = 90 Volts; V3 = 300 Volts, while the corresponding potentials

for TL2 are VI = 300 Volts; V2 = 240 Volts; V3 = 2000 Volts.

In practice small deviations from all the voltages listed are sometimes required to produce

an electron beam with sufficient current for an (e,2e) experiment. As in the gun lens stack,

two sets of deflectors are placed in the target lens stack to guide the electron beam through

the stack. The final acceleration from 2 keV to 20 keV is performed by the two cylinder lens
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labelled acceleration stage (Dl = 50 mm , D2 = 25 mm). The specification of zero beam

angle is also achieved by this two cylinder lens (beam rays are parallel to each other). The

resultant electron beam leaves the monochromator (exit of acceleration stage) with a kinetic

energy of 20 keV.

From the exit of the monochromator the beam is still required to travel a further 500 mm

before striking the target. To effectively transport the beam over this distance an einzel lens

is placed just inside the main chamber (about 200 mm after acceleration stage). An einzel

lens consists of three cylindrical elements which are operated with elements VI and V3 at

the same potential. For our application the outer two elements are at ground potential and

the inner lens element is at positive 12 kV (relative to ground). The electron beam exiting

the einzel lens then passes through a collimating tube which contains two apertures. These

collimating apertures are used to further minimize the divergence of the electron beam and

hence improve the momentum resolution. The final result is a 20 keV electron beam with

a spot size of around 200 /iin in diameter and a divergence of 2 mrads (corresponding to

ii momentum spread of 0.08 a.u.). This electron beam is then used to instigate the (e,£e)

reaction.

IV. EXPERIMENTAL RESULTS

With the above arrangement the beam is stable in time and beam currents of around

100 nano-amps in the Faraday cup are achieved. This is more than adequate for (e,2e)

experiments, which typically use about 60 nano-amps depending on target thickness. Elastic

scattering experiments have been conducted, as with the previous electron gun, and these

show an improvement in the FWHM of the elastic peak of 0.2 eV for each analyser. The

true test of the monochromator's performance, however, is an experimental measurement of

the total energy resolution under (e,2e) conditions.

An experiment on the Is core state of carbon from an amorphous target using the previous

electron gun (not monochromated) wasreported by Caprari et al |33]. The raw data showed
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a narrow Is core peak with a FVVHM of 1.9 eV. This experiment has been repeated with

a monochromated incident bepjn and the FWHM of the carbon Is peak was determined to

be 1.2 eV. A significant improvement has been observed here, although an estimate of the

total resolution (including linewidths) could not be achieved as this peak is already better

resolved than the linewidth measured by Lascovich el al. |34] frorn amorphous carbon using

photoemission. Sette et al. [35| report that the line width of the Is peak is much less for

crystalline graphite targets. In this case the line width contribution should only be of the

order of 0.2 eV. For this reason a core state measurement was conducted on a natural graphite

sample (estimated thickness of 100 A). We used the same sample preparation method as

described by Vos ei al. [20] for highly oriented pyrolytic graphite (HOPG) samples. The raw

data from this fe,2e^ experiment shows a narrow Is peak with a FWHM of 0.9 eV. The raw

data for each of these three experiments are shown in Fig. 7. Considering the contribution

to the linewidth of the peak in Fig. 7(c) to be minimal, we have a long term experimental

resolution for the whole system (electron gun, both analysers and power supplies) of 0.90

eV. The inclusion of the electron moiiochromator lias thus clearly improved the resolution

quite significantly.

The benefits of the electron monochromator become even more obvious in the (e,2c)

experiments on fullcrcnes (Ceo). A fullerene sample was prepared by evaporating 40 A of

C6o (obtained from MER Corporation, Arizona as a powder) onto a thin (60 A) amorphous

carbon sample. An (e,2e) experiment was also performed on a fullerene sample prepared

in an identical fashion, before the nionodiromator was placed on-line. The significant im-

provement in the energy resolution is clearly illustrated in this experiment. The comparison

of these two (e,2e) experiments is shown in Fig. 8. The improved energy resolution with

the electron monochromator makes it possible to resolve significant structure in the valence

band which was not observed with the previous electron gun.

The improved energy resolution lias obviously enhanced some structural features in the

CM energy plots. The objective of (e,Sc) spectroscopy is to directly measure the energy-

resolved momentum densities. In Fig. 9 we show the momentum densities which correspond
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to the outermost valence band states of Cw There is a clear shift in the peak positions

towards zero momentum with increasing binding energy. Energy shifts in large molecules

appear to resemble the dispersion that is observed in solids. This is discussed in detail

by Vos and McCarthy [36]. Thus the increased energy resolution makes it also possible to

measure the development of the momentum distributions as a function of binding energy.

A detailed discussion of the C50 measurements will be given by Utteridge el al. |37J.

V. CONCLUSION

This paper presents a discussion on (e,£e) spectroscopy as applied to solid-phase tar-

gets. A description is given of the asymmetric non-coplanar spectrometer. In particular

we have outlined how the energy resolution of the system can be significantly improved by

the incorporation of an electron monochromator. Preliminary (c,Sc) experiments with the

monochromator on the carbon Is core state and on Aillerenes are reported. These experi-

ments show an improvement in the energy resolution by almost, a factor of two, the present

long term energj' resolution being 0.90 eV.
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FIGURES

FIG. 1. Plot of the the log of the energy resolution (eV) against time (years), for (e,2e) mea-

surements on solids. The numbers are those as cited in the list of references.

FIG. 2. Schematic representation of the geometry of the (e,2e) experiments J7J. In (a) we show

the range of angles measured. In (b) the sample orientation with respect to all three electron

beams is shown. Most structural information is obtained from the shaded area of the sample since

the slow electron has the smallest mean free path.

FIG. 3. The configuration of the high voltage power supplies used to define the beam energies

for asymmetric kinematics |7|. The sharing of the main high voltage supply allows energy drifts to

be cancelled out.

FIG. 4. EJectron energy loss spectra from a 100 A amorphous carbon target tafcen without the

electron monochromator. In (a) nominally 18.8 keV incident energy in which the fast electrons arc

detected at 0/ = 14". In (b) nominally 1.2 keV incident energy in which the slow electrons are de-

tected at Of = 76°. Energy loss ypoetm COIICCUKI after the inclusion of the electron iiumochromalor

showed an improvement of 0.2 cV FWJIM for each electron analyser.

FIG. 5. Overall view of the electron monochromator mounted in its vacuum chamber. The

main acceleration stage is also shown. The main chamber which houses the fast and slow electron

analysers is shown attached to the monochromator

FIG. 6. Schematic of each of the lens stacks in the monochromator, in (a) the gun lens stack

is shown and in [\>) the taTget lens stack is shown. A basic lay trace of the election beam in each

lens stack, indicating focussing positions is also shown.

FIG. 7. Core state measurements of the Is momentum integrated binding energy spectra for

(a) an amorphous carbon sample with a non-monochromated incident beam, (b) an amorphous

carbon sample with a monochromatcd incident beam and (c) from a natural graphite sample with

monochromated incident beam
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FIG. 8. Comparison of momentum integrated binding energy spectra of evaporated CM with

(a) an incident beam that is not monochromated and (b) a monochromated incident electron beam.

FIG. 9. Energy integrated momentum distributions of evaporated CM for the outermost binding

energy peaks. Arrows are shown to indicate the peak positions at each energy. The dispersion of

these peaks is evident.
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