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High-energy „e,2e… spectrometer for the study of the spectral momentum
density of materials

M. Vos, G. P. Cornish, and E. Weigold
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The Australian National University, Canberra ACT 0200, Australia

~Received 16 May 2000; accepted for publication 10 July 2000!

A new spectrometer for the study of energy-resolved momentum densities is described. The (e, 2e)
spectrometer uses a symmetric configuration and uses incoming energies up to 50 keV. Energy
resolution and momentum resolution are 1.8 eV and 0.1 a.u., respectively. Compared to previous
spectrometers this spectrometer has rather low levels of multiple scattering, and thus allows for
more quantitative analysis of the data and/or the measurement of thicker samples. ©2000
American Institute of Physics.@S0034-6748~00!04310-0#
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I. INTRODUCTION

In an electron momentum spectroscopy~EMS! experi-
ment an incoming electron ionizes the target and the s
tered and ejected electron are detected in coincidence.1–3 If
both the scattered and ejected particle have a high eno
energy the ionizing collision can be described using
plane-wave impulse approximation and, within a one part
approximation, one can, using the laws of energy and m
mentum conservation, infer the binding energy and the m
mentum of the ejected electron before the collision. T
measured intensity distribution of coincident events is th
simply proportional to the probability that a target electr
has a certain binding energy-momentum combination.

For a system of interacting electrons the naive ima
sketched above has to be modified slightly. The (e, 2e)
event itself remains a collision between two electrons on
The measured intensity, however, cannot be compare
simple orbitals but is now proportional to the spectral fun
tion of the interacting electron gas. Recently, it has beco
possible to calculate spectral functions ofreal solids and the
results tend to deviate strongly from the effective on
particle theories~e.g., band structure calculations!, with large
differences also occurring between the different many-b
theories.4 EMS seems to be the ideal vehicle to test the
theories. Indeed for gas-phase experiments EMS has alr
a strong track record in elucidating correlation effects.1,3

For solids the technique should work just as well as
gaseous targets, provided that multiple scattering in the
coming and two outgoing electron beams can be reduced
manageable level. The main multiple scattering events
inelastic collisions, such as plasmon creation, and~elastic!
deflections from nuclei. Although these multiple scatteri
events are reasonably well understood, and their magni
can be estimated,5 they obscure, if occurring too frequently
direct comparison with theory. These experiments are d
in a transmission geometry and as there is a limit to how t
one can make a film, the only way to further reduce
multiple scattering is increasing the energy of the incom
and outgoing electrons, resulting in an increase of the m
free path for both elastic and inelastic scattering. Howev
3830034-6748/2000/71(10)/3831/10/$17.00
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with the increase of the transferred momentum in the bin
electron–electron collision the Mott cross section f
electron–electron scattering decreases strongly. Thus
challenge is to increase the transferred momentum with
sacrificing the coincidence count rate. This is the design g
of the spectrometer described in this article.

II. DEVELOPMENT OF EMS OF SOLIDS

The first EMS experiment on solids was done about
years ago, and clearly showed that the carbon core level
a momentum distribution that differed from the valen
band.6 Improvement in energy resolution allowed Ritter a
co-workers to resolve structure within the valence ban7

These experiments were hampered by rather unpractical
coincidence count rates and poor energy and momen
resolution. In order to resolve the count rate problem it w
necessary to develop multidimensional electron detec
techniques, allowing for the simultaneous measurement
series of energies8,9 and later the simultaneous measurem
of a range of both energies and angles~i.e., momenta! at
Flinders University.10

The last spectrometer was very successful in measu
a range of specimens, showing clearly the dispersion of b
ing energy with momentum of the quasiparticle peaks. Ho
ever, it became clear that multiple scattering was seve
affecting quantitative interpretation of the measured inten
ties. In spite of this, it was evident that for an understand
of the measured intensities one must go beyond band s
ture calculations that take into account electron–electron
relation in an average way.11

In recent years there has been some success in stud
the (e, 2e) reaction with solids in a reflection geometry
relatively low energies.12,13These experiments have the gre
advantage that they do not require thin samples. The in
pretation is however much more difficult as, at these en
gies, the cross section cannot be described as a product
factor related to the target electronic structure and a fa
determined by only the electron–electron collision. The
action mechanism is very complicated with the continuu
electron waves being far from plane waves. These exp
1 © 2000 American Institute of Physics
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FIG. 1. Outline of the new spectrometer. The positi
high voltage area is indicated by the thick line. Th
electron optics is shown as dotted lines.
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ments are as a consequence very interesting for the stud
electron–electron collisions in solids, but as the informat
obtained does not describe the target spectral function
rectly, it seems that at present the information obtained
reflection-type (e, 2e) experiments must be considered
complimentary to that obtained from high-energy transm
sion EMS experiments, rather than the equivalent.

Another class of (e, 2e) experiments, at energies muc
higher than those described here, are the inner shell ex
tion studies on heavy elements as done by Nakel
co-workers.14

III. DESIGN CRITERIA

The design has to be a compromise between two op
ing tendencies. Higher incoming and outgoing energ
means larger mean free path, so that for a given speci
thickness~of the order of 10 nm! a smaller fraction of the
electrons will suffer multiple scattering. Thus, for aluminu
the inelastic and elastic mean free paths at 20 keV are.23
nm and.19 nm, respectively, whereas at 1 keV they are
and 1 nm, respectively. However, higher energies also me
a larger transferred momentum and hence a smaller c
section of the (e, 2e) reaction. In principle the decrease
cross section can be compensated by an increase in b
current. In practice beam current greater than about 10mA
are impractical as damage to the sample and space ch
induced energy broadening become significant. Higher e
gies also increase the demand on the power supplies, a
required energy resolution of the order of 1 eV require
stability of the power supplies of a few tenths of 1 eV ov
the measurement period~typically a few days!.

These considerations lead to a design of a spectrom
using a 50 keV incoming beam (E0) and a symmetric scat
tering geometry, with both outgoing electrons at a nomi
energy (E1 and E2) of 25 keV. In comparison with the
asymmetric Flinders spectrometer, which uses an incid
energy of 20 keV and outgoing energies of 18.8 and 1.2 k
the lowest energy of any electron involved has increa
from 1.2 to 25 keV, and hence multiple scattering effe
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should decrease by a factor of 20. As a consequence
cross section has also decreased by about two orders of
nitude.

IV. SPECTROMETER GEOMETRY

A schematic layout of the spectrometer is shown in F
1. An electron gun~based on the design of Schmoranz
et al.,15 using a LaB6 filament! produces a 25 keV electro
beam relative to ground. The target is in a large hemisph
which is at125 kV. Thus inside this sphere the incomin
electrons have a kinetic energyE0 of 50 keV. Here the in-
coming beam is well collimated by two apertures, one
mm in diameter, just inside the high voltage area, and
0.1 mm in diameter near the sample. The apertures are 20
apart, so the momentum of the incoming electrons is ac
rately determined.

The sample is positioned in the center of the high vo
age hemisphere. Two narrow slits are positioned symme
cally in the high voltage hemisphere at polar angles of 44
Due to relativistic corrections the Bethe ridge condition~de-
scribing the scattering of an electron by a stationary f
electron! corresponds to polar angles slightly less than 4
for a symmetric scattering geometry and are somewhat
pendent onE0 . The emerging electrons leave the samp
with energyE1 andE2 ~both close to 0.5E0) and are decel-
erated on leaving the high voltage hemisphere and su
quently analyzed for energy and azimuthal angle.

This high-voltage layout is quite similar to that used
Ritter.7 In our case there are three reasons for adopting
high voltage design. In the first place we have to handle o
voltages of a magnitude of 25 kV. This is much easier th
handling voltages of 50 kV in vacuum. In the second pla
the electron detectors are close to ground, which facilita
the coupling out of the detector signal to the electroni
Finally this approach helps us meet the power supply sta
ity requirement. This is explained in Fig. 2. The potential
the filament in the electron gun isVmain

2 1Vgun offset. The po-
tential of the target isVmain

1 . The mean voltage of both ana
lyzers is Vanalyzer. Assume that in detector 1 we detect a
electron with pass energyE1

PE and in analyzer 2 an electro
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FIG. 2. Overview of the high voltage electronics use
in the spectrometer and its stabilization system.
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with energyE2
PE. If these are the scattered and ejected el

tron from the same ionizing event the corresponding bind
energy« in eV is given by

«5E02E12E2

5q~Vmain
2 1Vgun offset1Vmain

1 22Vanalyzer!2E1
PE2E2

PE,

~1!

with q the electron charge.Vgun offset andVanalyzerare power
supplies of the order of21 kV and2100 V, respectively. 1
kV power supplies with a stability and ripple of 0.1 eV a
easily commercially available. The main power suppl
Vmain

1 and Vmain
2 are 625 kV and here a stability over th

period of a few days and ripple of the order of 0.2 eV is le
easily accomplished. Fortunately for the determination of
binding energy it is, according to Eq.~1!, only necessary tha
Vmain

2 52Vmain
1 . Thus drift and ripple may occur, as long a

they do not affect this equality.
Long term drift compensation of the power supplies c

then be accomplished by measuring the midpoint potentia
a resistor divider chain that connects the outputs of b
power supplies. The part of the ripple that affectVmain

1

1Vmain
2 is measured by a capacitive divider. The drift a

ripple compensation is accomplished by floating one of
two main power supplies on top of the small~magnitude
,30 V! correction voltage. For the resistor chain we use t
commercially available precision resistor dividers.16 These
dividers have a quoted temperature coefficient of 5 ppm/
As both dividers are in the same~temperature controlled!
room and have the same power dissipation we expect pa
their fluctuations to cancel so that after applying the fe
backVmain

1 1Vmain
2 is constant within 100 mV.

All electronics floating at625 keV is battery powered a
the use of~isolation! transformers tends to cause ac ripp
Using two 180 AmpereHours 6 V batteries for the filamen
power supply, the experiment can run uninterruptedly for
to six days.

The analyzers are designed to cover as much ph
space as possible, while maintaining energy and momen
resolution. Instead of having a single aperture in each ou
ing electron beam it has slits extending over66.5° of azi-
muthal range. The analyzers are designed to measure s
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taneously over this angular and hence momentum range.
polar angleu of 44.3° is chosen so that the sum of the m
menta of the detected electrons is equal to the momentum
the incoming electron if all three trajectories are in the sa
plane.

The analyzers simultaneously measure a range of e
gies and corresponding range in momenta. For the condi
just mentioned it was assumed that the momenta of b
detected electrons are equal. However, over the range of
served energies@at the largest pass energy used~500 eV! this
energy window is 90 eV# the momentump1 and p2 of the
detected electrons can differ from the mean value by a sm
amount~up to 0.04 a.u. at 500 eV pass energy!. The maxi-
mum error in the vectorial sum of both momenta is then 0
a.u., the mean error much smaller.

Using the geometry shown in Fig. 3, with the incide
direction defining thez and x axis being in the mean hori
zontal scattering plane, the recoil momentum of the targe
then directed approximately along the~vertical! y axis. Since
u15u2 andp15p2 the magnitude of the recoil momentum
given by

py5p1 sinu~sinf12sinf2!.p1 sinu~f12f2! ~2!

with f1 andf2 defined in Fig. 3. Because the angle defini
slits lie on a cone with opening angle of 2u there is also an

FIG. 3. Schematic view of the kinematics and the coordinate system u
The incoming electrons are directed along thez axis. The two electron
analyzers accept those electrons that propagate along sections of a
~cone half-angle 44.3°! as indicated. The anglesf1 and f2 are measured
experimentally. In the case of a coincident event, the difference of the
coming and outgoing momenta is directed approximately along they axis.
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FIG. 4. ~Left-hand panel side! accessible phase space of the spectrometer is drawn. In the central panel we plot thepx component as a function of the
measuredpy component for the case of graphite. For largerpy values the intensity drops, as the momentum distribution of graphite is restricted to.upu
,1.5 a.u.~Right-hand panel side! distribution obtained from uncorrelated event. It is a measure of how efficient the spectrometer measures at thospx ,py

combinations.
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angle dependentx component of momentum of each detect
electron. Thepx component, however, is much smaller and
given by

px5p1 sinu@cos~f1!2cos~f2!#. ~3!

The accessible momentum space is plotted in Fig. 4. Usu
we neglect the spread inpx as it is,.0.1 a.u. for momen-
tum rangesupyu,1 a.u., the typical range of valence ban
momentum densities. If a larger accuracy is required one
reject ~by software! those events with a large value ofupxu
~as it is measured! but this will somewhat limit the overal
count rate. Compared to the asymmetric geometry the ra
of the px values is considerably smaller in the present sp
trometer, for a given range of measured momenta.10

V. ELECTRON ANALYZERS

The scattered and ejected electron leaving the ta
specimen first find themselves within the high-voltage he
sphere, i.e., in a field free region. At the exit of the hig
voltage hemisphere there is a 0.5 mm wide slit. It exte
over an azimuthal range of66.5°. This is used for angula
lly

an

ge
-
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selection in low resolution measurements. For high reso
tion measurements one can further restrict the transmi
beam by turning in place 0.2 mm slits located in the hi
voltage area to intercept part of the beam. On the same t
table there is a set of small circular apertures, position
along the cone. These are at known azimuthal angles and
used to calibrate the angular scale of the detector. Th
changing the slit width and calibrating the angular scale
be accomplished without breaking the vacuum. The analy
and optics are identical for both detected electrons.

After passing through the slits the electrons enter a
celerating lens system followed by a hemispherical analy
Conceptually these analysers and lens systems are very
lar to the high-energy analyzer in the Flinders EM
spectrometer.10 Between the high-voltage sphere~125 keV!
and the first lens element~13 keV! the main deceleration o
the electrons occurs. Thus the high-voltage sphere and
vacuum chamber wall and the first lens element are par
the electron optics. Care was taken that all these parts h
the right spherical shapes, and carefully positioned to be c
centric. The stack of lenses are slightly deformed slit lens
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i.e., with the opening along the 44.3° cone. No focus
should occur along the azimuthal direction, i.e., the angu
information is conserved. The slit lenses focus the incom
beam along the polar direction, and in this dimension
image of the target is formed at the entrance of a hemisph
cal analyzer~the window is formed by the target beam sp
0.1 mm in size, the pupil is formed by the 0.2 or 0.5 m
slits!.

Ideally the image of the slit at the entrance of the hem
spherical detector would match the symmetry of the a
lyzer, i.e., all electrons would enter the analyzer at an eq
distance to its center. Unfortunately, in that case both a
lyzers interfere with each other at the exit plane. Therefo
we had to rotate the hemispherical analyzer by 180°.
electrons enter the analyzer perpendicular, depending on
azimuthal angle at slightly different radial distances. T
analyzer will still produce an image of the entrance slit at
detection plane, as all Keppler orbits are focused over 1
However, the asymmetry of the elliptic orbit will change f
a given electron energy, as a function of the entrance po
Thus for a given electron energy a deformed image will
formed in the detector plane. Changing the electron ene
will change the deformed image.

Thus the electrons enter the analyzer~almost! perpen-
dicular, but at a distance varying fromR0 to R01d. Inside
the analyzer the electric field mimics a potentialV5c/r .
Here we choose the zero of the potential at`. In a 1/r po-
tential electrons will move along a circular orbit ifEkin

520.5Epot. Thus atR0 the analyzer has a pass energyE0

5eV0 if c52V0R0 . The potential of the base plate is thu
2V0 .

Electrons entering at distanceR0 with energyE will be
detected at a position~neglecting aberrations and fringe fie
effects!:17

Rf5R0S E

2E02ED . ~4!

Consider for simplicity electrons with again a kinet
energy E0 before entering the hemisphere at a radiusR0

1d. Electrons entering atR01d we will first see a deceler
ating field as the~constant! base plate potential does n
match the 1/r potential at this position. The potential a
V(R01d).V(R0)(12d/R0). Thus just inside the hemi
sphere the~kinetic! energy of the electron is reduced b
2V(R0)d/R052E0d/R0 . At R01d electrons with a kinetic
energy ofE85E0(12d/R0) will have a circular orbit. Thus
the kinetic energy of the electron that had an energyE0

before entering the hemisphere will be less thanE8 by
E0d/R0.E8d/R0 . It will thus be detected at

Rf5~R01d!S E8~12d/R0!

E8~11d/R0! D
.~R01d!S 12

2d

R0
D.R02d. ~5!

The rather surprising result is that if an electron w
energyE0 enters the hemisphere atR01d it will be detected
closer to the center of the hemisphere atR02d.
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In the above we have neglected fringe fields. We ha
also neglected the fact that electrons entering the hemisp
at a distanceÞR0 see a small retarding field and are th
perturbed by a weak lens. In the actual spectrometerR0

5100 mm and the maximum value ofd is 2.7 mm. The
change in kinetic energy at the hemisphere is thus,5%, and
the above approximations seem reasonable for this typ
mismatch. This is corroborated by the experimental resu

The position sensitive electron detector itself is co
prised of a pair of chevron-mounted channel plates an
resistive anode encoder. This part is equivalent to the
described by Storeret al.10 Briefly, the fast timing signal is
taken from the back of the second microchannel plate
decoupled using a transformer. It is used to start/stop
time to amplitude convertor~TAC!. The signal from each
corner of the resistive anode is amplified by a preampli
followed by a main amplifier. The position of impact of th
electron is calculated from the ratio of the amplitude of t
four corner pulses to their summed amplitude.

The working and calibration procedure of the analyze
illustrated in Fig. 5 using an elastic scattering experime
The high-voltage sphere, lenses, and analyzers are a

FIG. 5. ~a! Schematic overview of the hemispherical electron analyzer,
central radiusR0 , and the shape of the entrance aperture~distance varying
from R0 andR01d from the analyzer center! and the corresponding imag
~distance varying fromR0 andR02d from center!; ~b! Result of a calibra-
tion run. A series of peaks is shown for ten different incoming energies.
left–right dimension corresponds roughly to different energies, the u
down dimension to different angles. Also shown is the central radius,R0 and
the calculated deviationd.
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same potential as during the (e, 2e) measurement. The gu
is tuned to a much smaller energy, in such a way that
elastically scattered electrons are detected. The calibra
apertures are positioned in front of the 0.5 mm slit. Usin
series of different gun energies we get intensities at the
tector at a series of known energy-angle points. From Fig
it is clear that for a certain energy the elastic peaks are
cated quite accurately on a segment of a circle. Circles
responding to different energies are not concentric. Thi
due to the symmetry mismatch described above. In prac
this is not a problem. The polynomial interpolation sche
developed by Caprari has no difficulty fitting the measu
peak position and establishing the relationship between
tector position and electron angle/energy combination.18 No
noticeable dependence of the energy and/or angular res
tion was found on the angular position of the incoming el
tron. However, the lens settings corresponding to optim
focus differ slightly for the electrons at the lower and upp
end of detected energy range. By changing the analyzer
set voltage we can move the elastic peak over the wh
detector. If we measure an energy loss spectrum using
eV pass energy we get an energy resolution of about 0.8
using the whole of the detector, slightly better if we restr
the measurement to events from the central part of the de
tor ~0.7 eV!.

During an (e, 2e) experiment electrons over a wid
range of energy impinge on the analyzer. From the out
signals of the resistive anode in combination with the c
bration constants we determine the energy and angle of
electron detected. The energy range that can be meas
simultaneously in an analyzer is close to 20% of the p
energy.

The experiment is computerized and all nine signals~the
TAC signal, corresponding to the time difference in dete
tion of both electrons, and the amplitude of the signals of
four corners of both resistive anodes! are digitized simulta-
neously by a commercial ADC on a PC card~WIN30-DS
from United Electronic Industries!. The A/D conversion is
triggered by the ‘‘valid conversion’’ output pulse of th
TAC. These nine values are all stored to file, together w
the current value ofVanalyzer. The appropriate energy an
momentum of each detected electron is calculated and f
this we deduce the binding energy and momentum of
ejected electron. This information is stored in a tw
dimensional array, both for the coincident and acciden
background events. These calculations and the display o
results are done online. However, it is possible to reanaly
measurement completely, using different input parame
~minimum signal heights, accepted angular and ene
ranges, timing window for coincidences, etc.! using the com-
plete information stored in the event-by-event file.

VI. DEFLECTORS

Operating the spectrometer as described above allow
to measure the energy-resolved momentum density of e
trons with the momentum directed essentially along thy
axis. If we have anisotropic samples~e.g., single crystals! it
is important to be able to measure the energy-resolved
e
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mentum density for different slices through momentu
space, i.e., not only along a vertical line throughG of the first
Brillouin zone. For this purpose we have a set of dou
deflectors along each outgoing trajectory. This allows us
direct electrons into the analyzers that leave the specim
with a polar angle that deviates by up to61° from 44.3°.
This is illustrated in Fig. 6. If we apply symmetrical voltage
to each of the two detector sets so that both detectors m
sure electrons that were scattered over the same polar a
of say 44.31a we measure the energy resolved moment
density of electrons with a constant momentum compon
along thez direction. If we apply voltages antisymmetric t
each set so that one detector measures electrons sca
over 44.3°1a and the other 44.3°2a, we measure elec
trons with a constant momentum component in thex direc-
tion. In general we can shift the line along which we meas
the y component of momentum by up to 1 a.u. away fro
zero momentum in any direction in thexzplane. The deflec-
tor plates are also required if we want to measure the den
using incoming electrons with an energy different from
keV. Then the Bethe ridge angle of 44.3° will chan
slightly and we have to apply correction voltages to t
plates, if we want to measure along a line through zero m
mentum.

The deflectors are computer controlled~via fiber optics!
and several sets of spectra can be obtained simultaneous
cycling through different deflector settings. This allows us
measure momentum densities withpzÞ0 under exactly the
same conditions~and hence relatively normalized! as the
momentum density withpz50.

VII. RESULTS

A 100 Å carbon film was used for testing the spectro
eter. The first step is to establish coincidences between e

FIG. 6. Double deflectors used for measuring energy-resolved momen
densities away from thepy axis. Deflector 2 is twice as far from the target a
deflector 1. However, deflector 2 has only half the length of deflector 1~but
equal plate separation!. Two rays are shown, one initially directed along th
axis of the deflector system and one initially directed 1° away from
deflectors. By applying 125 V to the deflectors as indicated, the sec
beam leaves the deflector system traveling along its axis, whereas the
ray is intercepted.
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FIG. 7. ~a! Timing spectrum of a 100 Å thick amor-
phous carbon film. There is a sharp main peak, with
minute background due to accidental coincidenc
However, there are two broad peaks neighboring
main coincidence peak. The interpretation of these s
ellites is given in~b!. The main line is due to electron
that are detected properly~trajectory A! in both start
and stop detector. Some electrons hit the microchan
plate in the nonactive area, produce one or more s
ondaries that impinge on the plate later at a differe
position @trajectory ~B!#. Near the inner hemisphere
these secondary electrons are trapped by its attrac
potential and the satellites are absent~trajectory C!. In-
set~a! shows the timing spectrum after a small~280 V!
bias was applied to the front of the first channel pla
relative to the analyzer base plate.
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trons in both detectors. Initially the timing spectrum was
shown in Fig. 7~a!. After correcting for the flight time of the
electrons in the analyzer we have a narrow coincidence p
of about 1.5 ns full width at half maximum. The signal
background ratio is about 1000:1 for 1mA incident current,
and a coincidence count rate of 60 counts a minute was
tained using the 0.2 mm slits and a pass energy of 250
Using the 0.5 mm slits the coincidence count rate increa
sixfold. Figure 7~a! shows, besides the timing peak prope
two satellite structures with an overall intensity compara
to that of the timing peak itself. These structures are o
completely resolved using the narrow slits, and for the
mm slits become shoulders of the main peak. Analysis
both the main timing peak and the satellite counts show
that only the data obtained from the main peak showed sh
features in their energy-momentum distribution. Therefo
the satellite structures were discarded.
s
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Further information about the nature of this satellite w
obtained from the observation that it was not present
electrons impinging on the channel plates near the in
hemisphere. The interpretation of these observations
given in Fig. 7~b!. Some electrons impinge on the nonacti
part of the microchannel plate and create a secondary e
tron. If the secondary electron is generated near the o
hemisphere it will be pushed back onto the microchan
plate and could be detected there, at a time and place
siderably different from the original position of impact.
this process occurs for the detector that starts the TAC, t
the measured time difference between start and stop wil
too short. If this process occurs in the stop channel, the
served time difference is too long.

If the secondary electron is generated near the in
hemisphere it can be attracted to this hemisphere by its p
tive potential with respect to the exit grid and channel pl
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front, both being at the central~base plate! potential. This
problem was solved by applying a negative bias to the fr
of the first channel plate relative to the grid at the exit of t
analyzer. The satellites disappeared.

A complication of using these multiple-parameter det
tors is the response function. Many different combinations
energyE1 ,E2 will result in the same binding energy«, and
many different combinations off1 ,f2 result in the same
py . Unfortunately, not each combination of«, py is mea-
sured with the same efficiency. Near the extremes of
range of eithere or py there are only very few combination
that contribute. On top of this the detection efficiency of t
channel plates varies across the sensitive areas. Thus
spectral momentum density has to be obtained by divid
the observed count rateN(e,py) by the spectrometer re
sponse functionR(e,py). This can be obtained from unco
related events. The singles count rate does not contain in
mation about the electronic structure of the target. Thus
position sensitivity for singles counts is determined by
individual detector response functionF1(E1 ,py1) and
F2(E2 ,py2), i.e., as a function of energy and thepy compo-
nent of the detected electrons. The response function of
coincident experiment is obtained by taking a number
uncorrelated singles events from both detectors, and ca
lating the fictive binding energy« and momentumpy that
would apply to the target electrons if both electrons ori
nated from the same collision event. The distribution of th
fictive coincidences is determined by the detector respo
functions only and thus provide an experimental estimate
the spectrometer response function.

Traditionally this response function is obtained by an
lyzing those events that arenot coincident with the timing
peak in the TAC spectrum.19 Although the very low acciden
tal coincidence rate is in itself beneficial, it has as a nega
side effect that we cannot use them as a convenient wa
determine the response function of the spectrometer, a
our case not enough statistics is accumulated. Therefore
used an alternative method. Singles measurements for
detector were performed sequentially with the same mic
channel plate voltage, signal thresholds and accepted an
and energy range of the detectors. The experimental co
dence response functionR(e,py) was then obtained from th
frequency distribution of«, py as calculated for all possibl
combinations of pairs of singles events given by the sing
response functionsFx(Ex ,pyx):

R~e,py!5E E F1~E1 ,py1!

3F2~E02E12«,py2py1!dE1 dpy1 . ~6!

Here we use energy and momentum conservation to esta
the relation betweenE1 ,E2 , and« andp1 , p2 , andpy . This
procedure establishes a very smooth response functio
minutes.

The energy resolution of the spectrometer was es
lished by measuring the C 1s core level of a highly oriented
pyrolytic graphite~HOPG! sample. A resolution full width at
half maximum~FWHM! of 1.8 eV was found, using 250 eV
pass energy. This is very similar to the resolution obtaine
t
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Flinderswithoutan energy monochromator for the incomin
electrons.20 In that case significant improvements were fou
using a monochromator, indicating that space-charge
duced energy broadening in the electron gun is a major c
tribution to the energy resolution. Similar improvements a
planned for the current spectrometer.

In order to test the alignment and the working of t
deflection plates we measured a HOPG film, prepared
previously described.21 Originally we measured electron
without a momentum component in thez direction, coincid-
ing with thec axis of the HOPG. By applying voltages to th
deflectors we effectively changed the detector angles
tuned in to electrons with a constantpz momentum compo-
nent of 0.7 a.u. The results are shown in Fig. 8 which sho
the measured intensity as a function ofpy at the binding
energy intervals as indicated. In the case ofpz50 we only
see one dispersing structure~thes band!, thep band having
a node~hence zero density! in thepz50 plane. In the case o
pz50.7 a.u. we see two structures, thes as well as thep
band. The deflectors turn out to be an effective way to acc
different parts of momentum space.

The reduced influence of elastic scattering can be see
the small ratio of the intensity near zero momentum relat
to the intensity at the band position away from the bottom
the band. At a binding energy«510 eV the background nea
py50, pz50 is now up to 10 times smaller than the ba
intensity, whereas using the Flinders spectrometer the b
ground was at most 3 times smaller than the peak intens

The shape of these energy-resolved momentum distr
tions of a solid are much narrower than those of atomic a
molecular orbitals, and are hence a more critical test of
spectrometer’s momentum resolution. The FWHM of t
narrowest peak observed is about 0.25 a.u. From Fig. 8
clear that the peaks of the momentum distribution disper
strongly with energy. Thus the observed width is not on
determined from the momentum resolution, but also by
width of 2 eV ~in combination with the finite energy resolu
tion! over which the intensity was integrated in order to d
termine these momentum profiles. The observed momen
densities are thus not inconsistent with the expected mom
tum resolution of around 0.1 a.u.

The effects of inelastic multiple scattering are mo
readily seen in the energy spectra. In Fig. 9 we show
spectrum at zero momentum of a HOPG film~estimated
thickness 200 Å! and a 50 Å thick, annealed, amorpho
carbon film. The intensity drops off rather quickly at bindin
energies exceeding that of the bottom of thes band for the
amorphous carbon film, whereas the thicker HOPG fi
shows a second peak due to extrinsic plasmon energy los
However at binding energies around 10 eV the HOPG int
sity is less than the amorphous carbon one, as the supp
sion of p intensity is less complete in the latter, due to lim
ited long range order. As an inset we show at the sa
energy-scale the carbon (HOPG)1s core level. The width of
this level is 1.8 eV, and is an upper estimate of the spectr
eter energy resolution~inhomogeneities in the sample ma
contribute to the observed width as well!. The width of the
valence band spectrum is much larger than that of the c
level.
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FIG. 8. Momentum densities at selected binding ener
ranges for highly oriented pyrolytic graphite. Thec axis
of HOPG is approximately along thez direction. With-
out deflector voltages we measure densitiespz.0 and
we only observe thes band~left-hand side panel!. By
applying voltages to the deflector we can measure
pz.0.7 a.u. and the spectra are dominated by thep
band. Note the large intensity difference between t
maxima and minima, indicating that elastic scatteri
effects along the incoming and outgoing trajectories a
small.
e
n
th
n

ny
nd
en
ife
e
qu
ta
ct

he
ki-

-

r
PG

nd
Part of the intensity at binding energies exceeding 20
is due to intrinsic satellites, a consequence of electro
electron correlations, and would be observed as well if
film was so thin that multiple scattering would not occur. A
estimate of the expected shape nearG, i.e., zero momentum
~for an infinitely thin film! is shown by the solid line which
is obtained from the spectral function derived from a ma
body calculation.22 No attempt was made to add energy a
or momentum resolution to this theory, the experimental
ergy resolution being small compared to the observed l
time broadening of the spectral function. Even so, the m
sured intensity resembles the calculated peak shape
nicely. It therefore seems that we have succeeded in ob
ing direct spectroscopic evidence on the shape of the spe
function of this form of carbon.

VIII. DISCUSSION

In a recent review Dennison and Ritter proposed as t
‘‘ideal EMS spectrometer’’ a spectrometer using similar
V
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FIG. 9. Energy plot for HOPG~1! film and a 50 Å thick annealed evapo
rated carbon film~h! for events with momentumupu,0.2 a.u. The peak
near 20 eV corresponds to the bottom of thes band and is much broade
then the energy resolution, as is clear from the core level spectrum of HO
~see inset!. The solid line is the result of a many-body calculation a
follows the experimental spectrum surprisingly well.



y.
ld
rs
a
th
A

te
a

ro
is

es
t

ld
re
th

a
r
e
s
ic
o
la

th
es
it

s

ti-
th

co
io
nd
ol
n
y
its

tly
ure

the
e-

. V.
rch

tt.

ci.

m.

K.

. B

ys.

nd

ld,

3840 Rev. Sci. Instrum., Vol. 71, No. 10, October 2000 Vos, Cornish, and Weigold
nematics as the above but working at twice the energ23

Extrapolating from our experience this configuration wou
work reasonable well with just a single pair of detecto
rather than the 60 pairs proposed in their article. The m
challenge would be the stability of the high voltage and
design of the 50 keV retarding electrostatic lens system.
the gain in higher energies is only to reduce multiple scat
ing, the same effective result could be obtained by decre
ing the electron beam spot size and simultaneously imp
ing the control and stability of the sample positioning. Th
would allow the user to choose more effectively the thinn
spot of the sample~with as a tradeoff the higher curren
density, that may introduce damage to the sample!. Thus
reducing the beam spot from 0.2 to 0.1 mm~diameter! ~with-
out introducing a large angular spread! and positioning the
sample with a precision and a stability of 0.1 mm cou
approximately half the effective thickness of the sample,
sulting in an improvement of the same order as doubling
energy.

With this spectrometer, we hope to show that EMS c
contribute to the understanding of the electronic structu
Since in EMS real momenta are measured, the techniqu
equally applicable to amorphous and disordered material
well as single crystals. Until now, studying the electron
structure of the valence band of a solid has been alm
synonymous with measuring the dispersion. A unique re
tion between a binding energy and the~crystal-!momentum
exists only if one makes the simplifying assumption that
only effect of electron–electron interaction is that it modifi
the periodic potential that the electron probes. This is qu
an oversimplification, as the shapes of spectral function
even simple free-electron materials show.4 Due to the sim-
plicity of the plane-wave impulse approximation, well jus
fied at these high energies, one can focus directly on
electronic structure, and the effects of electron–electron
relations. Although in the case of crystals photoemiss
techniques provide information on the dispersion of ba
that have, especially near the Fermi level, an energy res
tion that presently exceeds that of EMS by orders of mag
tude, quantitative analysis of peak shapes and intensit
problematic. Therefore, we think that EMS, in spite of
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present limited energy resolution, can contribute significan
in enhancing the understanding of the electronic struct
beyond the mean field level.
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