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A new spectrometer for the study of energy-resolved momentum densities is described, 2de (
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 samplé&)00©
American Institute of PhysicS0034-6748)0)04310-0

I. INTRODUCTION with the increase of the transferred momentum in the binary
electron—electron collision the Mott cross section for
In an electron momentum spectroscof®MS) experi-  electron—electron scattering decreases strongly. Thus the
ment an incoming electron ionizes the target and the scathallenge is to increase the transferred momentum without
tered and ejected electron are detected in coincidefdé.  sacrificing the coincidence count rate. This is the design goal
both the scattered and ejected particle have a high enougf the spectrometer described in this article.
energy the ionizing collision can be described using the
pIane—vyave_ impulse apprOX|_rnat|on and, within a one partlclql_ DEVELOPMENT OF EMS OF SOLIDS
approximation, one can, using the laws of energy and mo-
mentum conservation, infer the binding energy and the mo-  The first EMS experiment on solids was done about 30
mentum of the ejected electron before the collision. Theyears ago, and clearly showed that the carbon core level had
measured intensity distribution of coincident events is thera momentum distribution that differed from the valence
simply proportional to the probability that a target electronband® Improvement in energy resolution allowed Ritter and
has a certain binding energy-momentum combination. co-workers to resolve structure within the valence band.
For a system of interacting electrons the naive imagerhese experiments were hampered by rather unpractical low
sketched above has to be modified slightly. Thee 2e) coincidence count rates and poor energy and momentum
event itself remains a collision between two electrons onlyresolution. In order to resolve the count rate problem it was
The measured intensity, however, cannot be compared toecessary to develop multidimensional electron detection
simple orbitals but is now proportional to the spectral func-techniques, allowing for the simultaneous measurement of a
tion of the interacting electron gas. Recently, it has becomseries of energiés and later the simultaneous measurement
possible to calculate spectral functionsreél solids and the of a range of both energies and anglee., momenta at
results tend to deviate strongly from the effective one-Flinders University'°
particle theoriege.g., band structure calculationwith large The last spectrometer was very successful in measuring
differences also occurring between the different many-body range of specimens, showing clearly the dispersion of bind-
theories' EMS seems to be the ideal vehicle to test theseéng energy with momentum of the quasiparticle peaks. How-
theories. Indeed for gas-phase experiments EMS has alreadyer, it became clear that multiple scattering was severely
a strong track record in elucidating correlation effects. affecting quantitative interpretation of the measured intensi-
For solids the technique should work just as well as forties. In spite of this, it was evident that for an understanding
gaseous targets, provided that multiple scattering in the inef the measured intensities one must go beyond band struc-
coming and two outgoing electron beams can be reduced totare calculations that take into account electron—electron cor-
manageable level. The main multiple scattering events areelation in an average way.
inelastic collisions, such as plasmon creation, &sldstig In recent years there has been some success in studying
deflections from nuclei. Although these multiple scatteringthe (e, 2e) reaction with solids in a reflection geometry at
events are reasonably well understood, and their magnitudelatively low energie$?*3These experiments have the great
can be estimatetthey obscure, if occurring too frequently, advantage that they do not require thin samples. The inter-
direct comparison with theory. These experiments are donpretation is however much more difficult as, at these ener-
in a transmission geometry and as there is a limit to how thirgies, the cross section cannot be described as a product of a
one can make a film, the only way to further reduce thefactor related to the target electronic structure and a factor
multiple scattering is increasing the energy of the incomingdetermined by only the electron—electron collision. The re-
and outgoing electrons, resulting in an increase of the meaaction mechanism is very complicated with the continuum
free path for both elastic and inelastic scattering. Howeverelectron waves being far from plane waves. These experi-
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FIG. 1. Outline of the new spectrometer. The positive
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ments are as a consequence very interesting for the study should decrease by a factor of 20. As a consequence the

electron—electron collisions in solids, but as the informationcross section has also decreased by about two orders of mag-

obtained does not describe the target spectral function diitude.

rectly, it seems that at present the information obtained by

reflection-type €, 2e) experiments must be considered aslV. SPECTROMETER GEOMETRY

complimentary to that obtained from high-energy transmis-

sion EMS experiments, rather than the equivalent.
Another class of €, 2e) experiments, at energies much

higher than those described here, are the inner shell excit

tion studies on heavy elements as done by Nakel an

co-workerst*

A schematic layout of the spectrometer is shown in Fig.
1. An electron gun(based on the design of Schmoranzer
et al,’® using a LaR filameny produces a 25 keV electron
%eam relative to ground. The target is in a large hemisphere
which is at+25 kV. Thus inside this sphere the incoming
electrons have a kinetic ener@gg of 50 keV. Here the in-
coming beam is well collimated by two apertures, one 0.2
IIl. DESIGN CRITERIA mm in Qiameter, just inside the high voltage area, and one
0.1 mm in diameter near the sample. The apertures are 20 cm
The design has to be a compromise between two opposippart, so the momentum of the incoming electrons is accu-
ing tendencies. Higher incoming and outgoing energiesately determined.
means larger mean free path, so that for a given specimen The sample is positioned in the center of the high volt-
thickness(of the order of 10 nma smaller fraction of the age hemisphere. Two narrow slits are positioned symmetri-
electrons will suffer multiple scattering. Thus, for aluminum cally in the high voltage hemisphere at polar angles of 44.3°.
the inelastic and elastic mean free paths at 20 keV=eé28  Due to relativistic corrections the Bethe ridge conditide-
nm and=19 nm, respectively, whereas at 1 keV they are 2scribing the scattering of an electron by a stationary free
and 1 nm, respectively. However, higher energies also mearaectron corresponds to polar angles slightly less than 45°
a larger transferred momentum and hence a smaller crodsr a symmetric scattering geometry and are somewhat de-
section of the €, 2e) reaction. In principle the decrease in pendent onE,. The emerging electrons leave the sample
cross section can be compensated by an increase in beamith energyE, andE, (both close to 0.5;) and are decel-
current. In practice beam current greater than abouttA0 erated on leaving the high voltage hemisphere and subse-
are impractical as damage to the sample and space chargeently analyzed for energy and azimuthal angle.
induced energy broadening become significant. Higher ener-  This high-voltage layout is quite similar to that used by
gies also increase the demand on the power supplies, as tRétter.” In our case there are three reasons for adopting this
required energy resolution of the order of 1 eV requires &high voltage design. In the first place we have to handle only
stability of the power supplies of a few tenths of 1 eV overvoltages of a magnitude of 25 kV. This is much easier than
the measurement peridtypically a few days handling voltages of 50 kV in vacuum. In the second place
These considerations lead to a design of a spectromet#ine electron detectors are close to ground, which facilitates
using a 50 keV incoming beant() and a symmetric scat- the coupling out of the detector signal to the electronics.
tering geometry, with both outgoing electrons at a nominalFinally this approach helps us meet the power supply stabil-
energy €, and E,) of 25 keV. In comparison with the ity requirement. This is explained in Fig. 2. The potential of
asymmetric Flinders spectrometer, which uses an inciderthe filament in the electron gun Y&, i+ Vgun oftser Th€ pO-
energy of 20 keV and outgoing energies of 18.8 and 1.2 keVtential of the target i&/,.,;,- The mean voltage of both ana-
the lowest energy of any electron involved has increasetlyzers isV nayzer ASSume that in detector 1 we detect an
from 1.2 to 25 keV, and hence multiple scattering effectselectron with pass energ§{ and in analyzer 2 an electron
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with energyE5E. If these are the scattered and ejected electaneously over this angular and hence momentum range. The

tron from the same ionizing event the corresponding bindingPolar angle¢ of 44.3° is chosen so that the sum of the mo-
energye in eV is given by menta of the detected electrons is equal to the momentum of

the incoming electron if all three trajectories are in the same
SZEO_E]__EZ plane.
. - n PE ~PE The analyzers simultaneously measure a range of ener-
=A(Vimain™ Voun oftsett Vmain~ 2Vanayzel ~E1" B2 gies and corresponding range in momenta. For the condition
1 just mentioned it was assumed that the momenta of both
. detected electrons are equal. However, over the range of ob-
with 4 the electron charge/qun ofiseand Vanayyzerare POWET served energigat the largest pass energy uggé@o e\) this
supplies of the c.)rder.oﬁl kv a_n_d—lOO V respectively. 1 energy window is 90 eYthe momentunp; andp, of the
kv power supphgs with a stability and rlpple of 0.1 ev ar€ yetected electrons can differ from the mean value by a small
easily commercially available. The main power Squl'eSamount(up to 0.04 a.u. at 500 eV pass energyhe maxi-

+ — g
Vimain @Nd Vinaip aré 25 kV and here a stability over the mum error in the vectorial sum of both momenta is then 0.06

period of a few days and ripple of the order of 0.2 eV is Iessa_u_, the mean error much smaller.

easily accomplished. Fortunately for the determination of the Using the geometry shown in Fig. 3, with the incident
bi?ding entirgy itis, acc_ording to EQL), only necessary that direction defining thez and x axis being ir,1 the mean hori-
hmai“: _Vmai“f'f Thuﬁ.d”ﬁ anl_d ripple may occur, as long as zontal scattering plane, the recoil momentum of the target is
they do not affect this equality. then directed approximately along theertical) y axis. Since

Long term dr.ift Compensation. of the pc_)wer.supplies.can 1= 6, andp,=p, the magnitude of the recoil momentum is
then be accomplished by measuring the midpoint potential o iven by

a resistor divider chain that connects the outputs of bot _ _ _ _
power supplies. The part of the ripple that affe¢f;, py=p1sind(sing;—sing,)=p;sind(p1—¢,)  (2)

*+Vmain IS measured by a capacitive divider. The drift andyjth ¢, and ¢, defined in Fig. 3. Because the angle defining
ripple compensation is accomplished by floating one of theyjiis Jie on a cone with opening angle o Zhere is also an
two main power supplies on top of the sméthagnitude
<30 V) correction voltage. For the resistor chain we use two
commercially available precision resistor dividétsThese
dividers have a quoted temperature coefficient of 5 ppm/°C.
As both dividers are in the samgemperature controlled
room and have the same power dissipation we expect part of
their fluctuations to cancel so that after applying the feed-
back Vit Vimain IS CONstant within 100 mV.

All electronics floating at-25 keV is battery powered as
the use of(isolation transformers tends to cause ac ripple.
Using two 180 AmpereHosr6 V batteries for the filament
power supply, the experiment can run uninterruptedly for up
to six days.

The analyzers are designed to cover as much phagec. 3. Schematic view of the kinematics and the coordinate system used.
space as possible, while maintaining energy and momenturfhe incoming electrons are directed along thexis. The two electron
resolution. Instead of having a single aperture in each Outgoqnalyzers accept thoie glec_trons that propagate along sections of a cone
. . - . . (cone half-angle 44.3°as indicated. The angles; and ¢, are measured
ing electron beam it has slits extending ove6.5° of azi-  experimentally. In the case of a coincident event, the difference of the in-
muthal range. The analyzers are designed to measure simubming and outgoing momenta is directed approximately along tinds.
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FIG. 4. (Left-hand panel sideaccessible phase space of the spectrometer is drawn. In the central panel we plottmeponent as a function of the
measurech, component for the case of graphite. For largervalues the intensity drops, as the momentum distribution of graphite is restrictediplo
<l.5a.u.(Right-hand panel sidedistribution obtained from uncorrelated event. It is a measure of how efficient the spectrometer measurespgt phose
combinations.

angle dependentcomponent of momentum of each detectedselection in low resolution measurements. For high resolu-
electron. Thep, component, however, is much smaller and istion measurements one can further restrict the transmitted
given by beam by turning in place 0.2 mm slits located in the high
D, =Py SiN O[OS b,)— COK by)]. 3) voltage area to intercept part of _the beam. On the same turn-
table there is a set of small circular apertures, positioned
The accessible momentum space is plotted in Fig. 4. Usually|ong the cone. These are at known azimuthal angles and are
we neglect the spread oy as it is<=0.1 a.u. for momen- yseq to calibrate the angular scale of the detector. Thus,
tum rangesip,|<1a.u., the typical range of valence band changing the slit width and calibrating the angular scale can
momentum densities. If a larger accuracy is required one cage 5ccomplished without breaking the vacuum. The analyzer
reject (by softwarg those events with a large value if| 51 optics are identical for both detected electrons.
(as it is measuredbut this will somewhat limit the overall After passing through the slits the electrons enter a de-

' . X g(?eleratlng lens system followed by a hemispherical analyzer.
of the p, values is considerably smaller in the present spec: o

. Conceptually these analysers and lens systems are very simi-
trometer, for a given range of measured momeéhta.

lar to the high-energy analyzer in the Flinders EMS
spectrometet? Between the high-voltage sphefe25 keV)
and the first lens elemei#3 keV) the main deceleration of
The scattered and ejected electron leaving the targéhe electrons occurs. Thus the high-voltage sphere and the
specimen first find themselves within the high-voltage hemivacuum chamber wall and the first lens element are part of
sphere, i.e., in a field free region. At the exit of the high-the electron optics. Care was taken that all these parts have
voltage hemisphere there is a 0.5 mm wide slit. It extendshe right spherical shapes, and carefully positioned to be con-
over an azimuthal range af6.5°. This is used for angular centric. The stack of lenses are slightly deformed slit lenses,

V. ELECTRON ANALYZERS
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i.e., with the opening along the 44.3° cone. No focusing

should occur along the azimuthal direction, i.e., the angular
information is conserved. The slit lenses focus the incoming
beam along the polar direction, and in this dimension an
image of the target is formed at the entrance of a hemispheri-

cal analyzer(the window is formed by the target beam spot,
0.1 mm in size, the pupil is formed by the 0.2 or 0.5 mm
slits).

Ideally the image of the slit at the entrance of the hemi-
spherical detector would match the symmetry of the ana-
lyzer, i.e., all electrons would enter the analyzer at an equal

High-energy spectrometer 3835

distance to its center. Unfortunately, in that case both ana-

lyzers interfere with each other at the exit plane. Therefore,

we had to rotate the hemispherical analyzer by 180°. All (b)
electrons enter the analyzer perpendicular, depending on the
azimuthal angle at slightly different radial distances. The
analyzer will still produce an image of the entrance slit at the
detection plane, as all Keppler orbits are focused over 180°. /

However, the asymmetry of the elliptic orbit will change for

a given electron energy, as a function of the entrance point.
Thus for a given electron energy a deformed image will be
formed in the detector plane. Changing the electron energy |

will change the deformed image.

Thus the electrons enter the analyzalmos) perpen-
dicular, but at a distance varying froRy to Ry+ 8. Inside
the analyzer the electric field mimics a potentig=c/r.
Here we choose the zero of the potentiabatin a 1f po-
tential electrons will move along a circular orbit E,
=—0.55. Thus atR, the analyzer has a pass eneigy
=eV, if c=2VyR,. The potential of the base plate is thus
2V,.

Electrons entering at distané®, with energyE will be
detected at a positiofneglecting aberrations and fringe field
effecty:t’

2E0—E>' @

Rf:Ro(

Consider for simplicity electrons with again a kinetic
energy E, before entering the hemisphere at a radRys
+ 4. Electrons entering &y+ & we will first see a deceler-
ating field as the(constant base plate potential does not
match the 1/ potential at this position. The potential at
V(Rg+ 8)=V(Ry)(1— 6/Ry). Thus just inside the hemi-
sphere the(kinetic) energy of the electron is reduced by
—V(Ry) 6/IRy=2E{6/Ry. At Ry+ 6 electrons with a kinetic
energy ofE' =Ey(1— §/Ry) will have a circular orbit. Thus
the kinetic energy of the electron that had an enekgy
before entering the hemisphere will be less tHah by
Eqd/Ry=E' 6/Ry. It will thus be detected at

(Rt s E'(1- 6/Ry)
= (Ro* O e (15 51Ry)

26
=(Rgt+ )| 1— = |=Ry— 4. (5
Ro
The rather surprising result is that if an electron with
energyE, enters the hemisphere Rg+ & it will be detected
closer to the center of the hemisphereRgt- 6.

“ﬂ. 0
= A$=0.71
I @
» f‘ Apy=0.37 au

FIG. 5. (a) Schematic overview of the hemispherical electron analyzer, the
central radiusR,, and the shape of the entrance aperfdlistance varying
from Ry andRy+ 6 from the analyzer centpand the corresponding image
(distance varying fronR, andRy— 6 from centey; (b) Result of a calibra-
tion run. A series of peaks is shown for ten different incoming energies. The
left—right dimension corresponds roughly to different energies, the up—
down dimension to different angles. Also shown is the central raBigiand

the calculated deviatiod.

In the above we have neglected fringe fields. We have
also neglected the fact that electrons entering the hemisphere
at a distance# R, see a small retarding field and are thus
perturbed by a weak lens. In the actual spectrom&gr
=100mm and the maximum value @ is 2.7 mm. The
change in kinetic energy at the hemisphere is #1886, and
the above approximations seem reasonable for this type of
mismatch. This is corroborated by the experimental results.

The position sensitive electron detector itself is com-
prised of a pair of chevron-mounted channel plates and a
resistive anode encoder. This part is equivalent to the one
described by Storeet al° Briefly, the fast timing signal is
taken from the back of the second microchannel plate and
decoupled using a transformer. It is used to start/stop the
time to amplitude convertofTAC). The signal from each
corner of the resistive anode is amplified by a preamplifier
followed by a main amplifier. The position of impact of the
electron is calculated from the ratio of the amplitude of the
four corner pulses to their summed amplitude.

The working and calibration procedure of the analyzer is
illustrated in Fig. 5 using an elastic scattering experiment.
The high-voltage sphere, lenses, and analyzers are at the
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same potential as during the,(2e) measurement. The gun /\

is tuned to a much smaller energy, in such a way that the

elastically scattered electrons are detected. The calibratiot L i |

|

apertures are positioned in front of the 0.5 mm slit. Using a
series of different gun energies we get intensities at the de-
tector at a series of known energy-angle points. From Fig. 5
it is clear that for a certain energy the elastic peaks are lo-
cated quite accurately on a segment of a circle. Circles cor-
responding to different energies are not concentric. This is
due to the symmetry mismatch described above. In practice
this is not a problem. The polynomial interpolation scheme
developed by Caprari has no difficulty fitting the measured|
peak position and establishing the relationship between de
tector position and electron angle/energy combinatfaNo

noticeable dependence of the energy and/or angular resolu
tion was found on the angular position of the incoming elec-
tron. However, the lens settings corresponding to optimum
focus differ slightly for the electrons at the lower and upperF|G- 6. Double deflectors used for measuring energy-resolved momentum

. Jensities away from thp, axis. Deflector 2 is twice as far from the target as
end of detected energy range. By Changmg the analyzer Ofﬂeﬂector 1. However, deflector 2 has only half the length of deflectbut.

set voltage we can move the elastic peak over the wholgyyal plate separatiaritwo rays are shown, one initially directed along the
detector. If we measure an energy loss spectrum using 25Xis of the deflector system and one initially directed 1° away from the
using the whole of the detector, slightly better if we restrict?aeya?sq ilﬁg\i:pttheed-deﬂector system traveling along its axis, whereas the first
the measurement to events from the central part of the detec-

tor (0'7.6\0' . .. mentum density for different slices through momentum
During an , 2e) experiment electrons over a wide . . . :
range of energy impinge on the analyzer. From the c)utpugpace, i.e., not only along a vertical line throdgbf the first
X rillouin zone. For this purpose we have a set of double

signals of the resistive anode in combination with the cali- ) . .
. . eflectors along each outgoing trajectory. This allows us to
bration constants we determine the energy and angle of eac|i

electron detected. The enerav range that can be measureHeCt electrons into the analyzers that leave the specimen
' gy g with a polar angle that deviates by up tol® from 44.3°.

. i . 0
zlr:T(]al:Itaneously in-an analyzer is close to 20% of the pas%is is illustrated in Fig. 6. If we apply symmetrical voltages

'Igr?/e experiment is computerized and all nine sigiidde to each of the two detector sets so that both detectors mea-

€ exp Mp . . 9 sure electrons that were scattered over the same polar angle

TAC signal, corresponding to the time difference in detec-

tion of both electrons, and the amplitude of the signals of thé)f say 44.3-a we measure the energy resolved momentum

four corners of both resistive anodeme digitized simulta- density of electrons with a constant momentum component

neously by a commercial ADC on a PC cal/IN30-DS along thez direction. If we apply voltages antisymmetric to
. . - . . each set so that one detector measures electrons scattered
from United Electronic Industrigs The A/D conversion is

) . -, over 44.3% « and the other 44.3° «, we measure elec-
triggered by the “valid conversion” output pulse of the . : .
trons with a constant momentum component in xhdirec-

TAC. These nine values are all stored to file, together Wltr}ion. In general we can shift the line along which we measure

the current value oV ,qy,e. The appropriate energy and
momentum of each detected electron is calculated and frortr?e y component of momentum by up to 1 a.u. away from

) - zero momentum in any direction in te plane. The deflec-
this we deduce the binding energy and momentum of th? o .
ciected electron. This information is stored in a two-°" plates are also required if we want to measure the density

J : ' L . sing incoming electrons with an energy different from 50
dimensional array, both for the coincident and accidenta

background events. These calculations and the display of theiev' Then the Bethe ridge angle Of.44'3 will change
. o . slightly and we have to apply correction voltages to the
results are done online. However, it is possible to reanalyze

. . . é‘lates, if we want to measure along a line through zero mo-
measurement completely, using different input parametermentum

(m'”'m”m _S|gna_l heights, facc_epted angul_ar and energy The deflectors are computer controlleda fiber opticg
ranges, timing window for coincidences, etgsing the com- : .
. . . , and several sets of spectra can be obtained simultaneously by
plete information stored in the event-by-event file. : . : .
cycling through different deflector settings. This allows us to
measure momentum densities wjgth+ 0 under exactly the
VI. DEFLECTORS same conditiongand hence relatively normalizeds the

] ] momentum density witp,=0.
Operating the spectrometer as described above allows us

to measure the energy-resolved momentum density of elegi
. . . Il. RESULTS
trons with the momentum directed essentially along yhe
axis. If we have anisotropic samplés.g., single crystajst A 100 A carbon film was used for testing the spectrom-
is important to be able to measure the energy-resolved maeter. The first step is to establish coincidences between elec-
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(a) Timing Spectrum 100 A carbon film at 600 nA beam currrent
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} FIG. 7. (a) Timing spectrum of a 100 A thick amor-
. phous carbon film. There is a sharp main peak, with a
accidental ; : minute background due to accidental coincidences.
background o However, there are two broad peaks neighboring the
P events due to

(about 70 counts) main coincidence peak. The interpretation of these sat-

N Y secondary electrons ellites is given in(b). The main line is due to electrons
¢ I that are detected properfyrajectory A in both start

P L i, ST . - . and stop detector. Some electrons hit the microchannel
30 40 50 60 70 80 plate in the nonactive area, produce one or more sec-
ondaries that impinge on the plate later at a different
position [trajectory (B)]. Near the inner hemisphere
these secondary electrons are trapped by its attractive
potential and the satellites are absérajectory Q. In-
set(a) shows the timing spectrum after a sm@a#80 V)
bias was applied to the front of the first channel plate
relative to the analyzer base plate.

time differential (nsec)

(b)

Outer /
Hemisphere f
- f [nner
Hem isphere
(+)
micro-
channel

S QRYII00000000

trons in both detectors. Initially the timing spectrum was as  Further information about the nature of this satellite was
shown in Fig. Ta). After correcting for the flight time of the obtained from the observation that it was not present for
electrons in the analyzer we have a narrow coincidence peaiectrons impinging on the channel plates near the inner
of about 1.5 ns full width at half maximum. The signal to hemisphere. The interpretation of these observations are
background ratio is about 1000:1 for A incident current, given in Fig. 1b). Some electrons impinge on the nonactive
and a coincidence count rate of 60 counts a minute was olpart of the microchannel plate and create a secondary elec-
tained using the 0.2 mm slits and a pass energy of 250 e\Mtron. If the secondary electron is generated near the outer
Using the 0.5 mm slits the coincidence count rate increaselsemisphere it will be pushed back onto the microchannel
sixfold. Figure 7a) shows, besides the timing peak proper,plate and could be detected there, at a time and place con-
two satellite structures with an overall intensity comparablesiderably different from the original position of impact. If

to that of the timing peak itself. These structures are onlythis process occurs for the detector that starts the TAC, then
completely resolved using the narrow slits, and for the 0.3he measured time difference between start and stop will be
mm slits become shoulders of the main peak. Analysis ofoo short. If this process occurs in the stop channel, the ob-
both the main timing peak and the satellite counts showederved time difference is too long.

that only the data obtained from the main peak showed sharp If the secondary electron is generated near the inner
features in their energy-momentum distribution. Thereforehemisphere it can be attracted to this hemisphere by its posi-
the satellite structures were discarded. tive potential with respect to the exit grid and channel plate
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front, both being at the centrébase plate potential. This  Flinderswithoutan energy monochromator for the incoming
problem was solved by applying a negative bias to the fronelectrons? In that case significant improvements were found
of the first channel plate relative to the grid at the exit of theusing a monochromator, indicating that space-charge in-
analyzer. The satellites disappeared. duced energy broadening in the electron gun is a major con-
A complication of using these multiple-parameter detec+ribution to the energy resolution. Similar improvements are
tors is the response function. Many different combinations oflanned for the current spectrometer.
energyE,,E, will result in the same binding energy and In order to test the alignment and the working of the
many different combinations of,,¢, result in the same deflection plates we measured a HOPG film, prepared as
py. Unfortunately, not each combination ef p, is mea- previously described Originally we measured electrons
sured with the same efficiency. Near the extremes of theithout a momentum component in talirection, coincid-
range of eithek or p, there are only very few combinations ing with thec axis of the HOPG. By applying voltages to the
that contribute. On top of this the detection efficiency of thedeflectors we effectively changed the detector angles and
channel plates varies across the sensitive areas. Thus, theed in to electrons with a constamf momentum compo-
spectral momentum density has to be obtained by dividingient of 0.7 a.u. The results are shown in Fig. 8 which shows
the observed count rathi(e,p,) by the spectrometer re- the measured intensity as a function mf at the binding
sponse functiorR(e,py). This can be obtained from uncor- energy intervals as indicated. In the caseppf0 we only
related events. The singles count rate does not contain infosee one dispersing structutée o band, the 7 band having
mation about the electronic structure of the target. Thus thg node(hence zero densityn the p,=0 plane. In the case of
position sensitivity for singles counts is determined by thep,=0.7 a.u. we see two structures, theas well as ther
individual detector response functiofr;(E;,py1) and  band. The deflectors turn out to be an effective way to access
F2(E2,py2), i.e., as a function of energy and tpg compo-  different parts of momentum space.
nent of the detected electrons. The response function of the The reduced influence of elastic scattering can be seen in
coincident experiment is obtained by taking a number ofthe small ratio of the intensity near zero momentum relative
uncorrelated singles events from both detectors, and calcyg the intensity at the band position away from the bottom of
lating the fictive binding energy and momentunp, that  the band. At a binding energy=10eV the background near
would apply to the targe_t_electrons if both e'lect'rons origi-p =0, p,=0 is now up to 10 times smaller than the band
nated from the same collision event. The distribution of thesgntensity, whereas using the Flinders spectrometer the back-
fictive coincidences is determined by the detector responsground was at most 3 times smaller than the peak intensity.
functions only and thus provide an experimental estimate of  Tpe shape of these energy-resolved momentum distribu-
the spectrometer response function. tions of a solid are much narrower than those of atomic and
Traditionally this response function is obtained by ana-mojecular orbitals, and are hence a more critical test of the
lyzing those events that amot coincident with the timing spectrometer’'s momentum resolution. The FWHM of the
peak in the TAC spectrurif. Although the very low acciden- narrowest peak observed is about 0.25 a.u. From Fig. 8 it is
tal coincidence rate is in itself beneficial, it has as a negativg|ear that the peaks of the momentum distribution disperses
side effect that we cannot use them as a convenient way @rongly with energy. Thus the observed width is not only
determine the response function of the spectrometer, as ifetermined from the momentum resolution, but also by the
our case not enough statistics is accumulated. Therefore Wgjqth of 2 eV (in combination with the finite energy resolu-
used an alternative method. Singles measurements for eaan) over which the intensity was integrated in order to de-
detector were performed sequentially with the same microtemine these momentum profiles. The observed momentum

channel plate voltage, signal thresholds and accepted angul@gnsities are thus not inconsistent with the expected momen-
and energy range of the detectors. The experimental coinciym resolution of around 0.1 a.u.

dence response functid(e, py) was then obtained from the The effects of inelastic multiple scattering are most
frequency distribution ok, p, as calculated for all possible readily seen in the energy spectra. In Fig. 9 we show the
combinations of pairs of singles events given by the singlegpectrum at zero momentum of a HOPG fil@stimated

response functionB,(E,,py,): thickness 200 A and a 50 A thick, annealed, amorphous
carbon film. The intensity drops off rather quickly at binding
R(G’py):f j F1(E1,Py1) energies exceeding that of the bottom of th&and for the
amorphous carbon film, whereas the thicker HOPG film
XFy(Eg—Ey—&,py— Py1)dE; dpy; . (6)  shows a second peak due to extrinsic plasmon energy losses.

However at binding energies around 10 eV the HOPG inten-

Here we use energy and momentum conservation to establigity is less than the amorphous carbon one, as the suppres-
the relation betweek ,E,, ande andp,, p,, andp,. This  sion of 7 intensity is less complete in the latter, due to lim-
procedure establishes a very smooth response function ited long range order. As an inset we show at the same
minutes. energy-scale the carbon (HOPG@G)g&ore level. The width of

The energy resolution of the spectrometer was estabthis level is 1.8 eV, and is an upper estimate of the spectrom-
lished by measuring the Glcore level of a highly oriented eter energy resolutiofinhomogeneities in the sample may
pyrolytic graphite(HOPG sample. A resolution full width at  contribute to the observed width as wellhe width of the
half maximum(FWHM) of 1.8 eV was found, using 250 eV valence band spectrum is much larger than that of the core
pass energy. This is very similar to the resolution obtained akevel.
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FIG. 8. Momentum densities at selected binding energy
ranges for highly oriented pyrolytic graphite. Thaxis

of HOPG is approximately along thedirection. With-

out deflector voltages we measure densifigs 0 and

we only observe ther band(left-hand side pangl By
applying voltages to the deflector we can measure for
p,=~0.7 a.u. and the spectra are dominated by the
band. Note the large intensity difference between the
maxima and minima, indicating that elastic scattering
effects along the incoming and outgoing trajectories are
small.
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Part of the intensity at binding energies exceeding 20 eV 1500
is due to intrinsic satellites, a consequence of electron— I
electron correlations, and would be observed as well if the 5
film was so thin that multiple scattering would not occur. An ¢
estimate of the expected shape nEar.e., zero momentum 100}
(for an infinitely thin film) is shown by the solid line which £
is obtained from the spectral function derived from a many- z |
body calculatiorf? No attempt was made to add energy and  § F
or momentum resolution to this theory, the experimental en- £ %}
ergy resolution being small compared to the observed life-
time broadening of the spectral function. Even so, the mea-
sured intensity resembles the calculated peak shape quite

nicely. It therefore seems that we have succeeded in obtain-
ing direct spectroscopic evidence on the shape of the spectral
function of this form of carbon.

VIIl. DISCUSSION

carbon

I 1s
It

H
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Energy (eV)
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FIG. 9. Energy plot for HOPG+) film and a 50 A thick annealed evapo-
rated carbon film(() for events with momentunip|<0.2 a.u. The peak
near 20 eV corresponds to the bottom of thédand and is much broader

. . . then the energy resolution, as is clear from the core level spectrum of HOPG
In a recent review Dennison and Ritter proposed as the'(see inset The solid line is the result of a many-body calculation and

“ideal EMS spectrometer” a spectrometer using similar ki- follows the experimental spectrum surprisingly well.
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nematics as the above but working at twice the enétgy. present limited energy resolution, can contribute significantly
Extrapolating from our experience this configuration wouldin enhancing the understanding of the electronic structure
work reasonable well with just a single pair of detectorsbeyond the mean field level.
rather than the 60 pairs proposed in their article. The main
challenge would be the stability of the high voltage and the "\CKNOWLEDGMENTS
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