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Abstract

A laboratoryset-upfor ultraviolet(UV) photoelectronspectroscopycombiningahigh intensityUV sourceandatoroidalUV
monochromator,bothbeingcommerciallyavailable,is described.Thesourceis modifiedin orderto maximizethesolid angle
collectedby themonochromator.Scanningits exit armlengthallowsfor theoptimizationof thephotonintensityaswell asthe
energyresolutionby minimizing the defocusterm only. By usingseveraldifferentgasessuchasHe, Ne or H2 oneobtainsa
powerfultool to sampleextendedregionsin k-space.Fermienergymapsarepresentedfor Cu(110)in thephotonenergyrange
from 10.2to 48.3eV.As aresultof thevariablephotonenergyanactualzoominginto thewell-knownShockleysurfacestateis
possible.

Keywords: Angle-resolvedphotoemission;Fermi surfacemapping; MonochromatizedUV radiation; k-Spacemapping;
Duoplasmatron

1. Introduction

Photoelectron spectroscopy providesdirect infor-
mation on the electronic properties of matter [1]. In
particular, angle-resolved photoemission is the
methodfor studyingtheenergyandmomentumdistri-
butionof electronsatandnearsurfaces.In thepresent
set-up the idea is to map electronic statesover as
much as possibleof the Brillouin zone(BZ) within
reciprocal space. This so-called k-spacemappingor
imaging when displayedasagrayscalerepresentation
resultsin dispersion plots and cuts throughconstant
energysurfaces, e.g. the Fermi surface(FS) [2–11].

Besidesdoing experimentsasa function of emission
angleit is highly desirable to vary the photon energy
in order to accessevenwider regionswithin the BZ.
Laboratory equipment has proven its power with
respectto varying angleswhereassynchrotron radia-
tion facilities offer, in addition, a variable photon
energy[12].

Laboratory sourceshavethe disadvantageof rela-
tively low intensities.Thegasdischargealsoexhibits
disturbingsatellitesidebandssuchthatalthoughexci-
tations from noble gasesshow very narrow lines in
photon energy additional low intensity lines with
approximately the sameenergy occur (e.g. He Ia
(21.2eV) as the main line and He Ib (23.1eV) as
the satelliteline).

Consequently, one often has to struggle with
disturbing features, e.g. in the proximity of the
Fermiedge(EF), dueto intensefeaturesin thevalence
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bandexcited with a higher energy satellite line. It is
not possible to simply subtract satellite-induced
features since such transitions may stem from
different locations in k-space.Additionally, satellite
line intensitiesare highly sensitiveto gas pressure.
Therefore, a high intensity UV lamp combined with
a UV monochromator, that allows one to separate
theselinesbut with maximal transmission,is anexcel-
lent complement to synchrotron facilities.

In order to realize this, we have combined a
commercially available high intensity UV lamp
(UVS 300, formerly from Vacuum Science Instru-
ments, now from SPECSGmbH, both Germany),
which is basedonthereverseduoplasmatronprinciple
[13–15],with aUV monochromator (VUV 5040from
GammaDataBurklint AB, Sweden).Theadvantageof
this set-upis the capability of yielding a discharge
with a vastnumberof gases,asfor exampleHe, Ne,
Ar, or evenH2, thus covering UV energies ranging
roughly from 10 to 50 eV [16].

The intermediatepart of the UV lamp has been
modified completely for the following two reasons.
First, the UVS 300 lamp is basedon a long quartz
capillary. In order to adjust it correctly to the mono-
chromatorthecapillaryhadto beremoved. Second,in
orderto collect photonsfrom a maximumsolid angle
onthetoroidalgrating monochromator, theopeningof
the plasmastageandthe differentialpumping hadto
beadjusted.

Greatimportancehasbeenattachedto thefact that,
for a toroidal grating monochromator, different
photonenergies also requiredifferent geometries for
the optical set-upsince arm lengthsand deflection
angles have an optimum value [17]. However, a
set-up allowing for the variation of all parameters
would becomeimpractical for a compact and high
transmission design. Adjusting only the distance
between grating and sample (exit arm length or
imagedistance r 0), therebyminimizing the defocus,
by movingthewholeset-upvia a sliding carriage,we
demonstrate the possibility of optimizing resolution
andintensity at the same time.

Thehigh performance of this set-upwith respectto
photoelectronspectroscopywill beillustratedwith EF

mapping experiments performed on Cu(110). We
reportlaboratorymeasurementswith differentphoton
energies,in particularwith 10.2eV (H Lya ), 11.3eV,
12.1eV (H Lyb ), 16.9eV (Ne I), 21.2eV (He Ia ),

40.8eV (He IIa), and 48.3eV (He IIb). The first
three energies correspond to experimentally broa-
denedlines of the H2 quasi-continuum whereasthe
latter denote intrinsically sharp atomic excitation
lines for the corresponding noble gases. By probing
the Shockleysurfacestateon Cu(110)with different
photon energies we show that zooming into the BZ
candefinitely be realized.

The next section dealswith our particular experi-
mental set-up.Section3 describesin detail themodi-
fications to the UV lamp as well as the
monochromatorset-up.In Section 4 we presentand
discussthephotoemissionmeasurementson Cu(110).
We concludeour report in Section5.

2. Experimental

Thepresentedset-upprovidesapowerful extension
of the existing photoelectron spectrometer (VG
EscaLab Mk II), which hasbeenmodified beforein
order to perform angle-scanned photoemission
measurementsvia motorizedsequential sample rota-
tion. Details have been described elsewhere
[11,18,19]. Various different, in situ methods are
provided in the spectrometer. The preparation
chamber (base pressure2 × 10211 mbar) is equipped
with a sputtergun, heatingfacilities, aswell aswith
LN2-cooledevaporation sources.Quality of samples
can be checked with low energyelectrondiffraction
(LEED). In addition, analysis with a scanningtunnel-
ling microscope is possible in situ. The analysis
chamber (base pressure2 × 10211 mbar) is supplied
with an X-ray twin-anode (Mg Ka (1253.6 eV), Si
Ka (1740eV)). By meansof theX-ray sourcephoto-
electron diffraction measurements are possible in
order to perform structural studies [20,21]. Further-
more, usingan ion gun for low energyion scattering
spectroscopy, it is possible to do angle-scanned ion
scattering for structural studiesof the topmostlayers
[22].

Polycrystalline samplesandsingle-crystalsusedin
this reporthavebeenpreparedin standardfashionby
several cycles of Ar1-sputtering and subsequent
annealing. Cleannessand surfacequality havebeen
checked by X-ray photoelectron spectroscopy and
LEED, respectively.
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3. UV sourceand monochromator

3.1. Instrumental set-upandUV source

The UV lamp andmonochromatoraremadeup of
two mainchambers,namelythelampchamberandthe
monochromatorchamber, thelatterbeing describedin

the next subsection.In order to avoid contamination
of the grating, anoil-f reepumpingsystemis used.

Fig. 1 showsa schematic set-upof thesystem.The
pumping systemconsistsof a Scroll pump (Varian
300DS),which is connected via an electropneumatic
valveandavacuumreservoir(volume10 l) to thetwo
turbomolecularpumps.Thevacuumreservoir (Fig. 1)
enablespressurecontrolled non-continuous operation
of theScroll pumpto economizelife time. Thepumps
area250l/s (TMP 250)highflux pumpfor thediffer-
ential pumping of the lamp anda 180l/s (TMP 180)
drag pump with a particularly high H2 compression
ratio. Resulting total gaspressures for the threerele-
vant chambers during standardoperation of the lamp
aregiven in Table 1. Most importantly, pressures in
the analysis chamberremain within the 1029 mbar
range and for hydrogen they are even below this
value. The gas system connects the high purity
gasesvia an LN2 cold trap, leak valves,andanother
LN2 cold trap (on the low pressureside of the leak

Fig.1. Sketchof theexperimentalset-upof theUV lampwith monochromator.Notethatit is notto scale.Thetwo circlesrepresenttheanalysis
chamberandthe monochromatorchamber,respectively. The UVS 300sourceis givenschematically. For detailsseetext.

Table1
Overviewof the total pressuresduring operationof the UVS 300
source.Valuesaregiven for the worstcase,meaningthatall aper-
turesare fully open.Pressuresareuncorrectedwith respectto the
sensitivityfactorsof the ion gauge/coldcathode

Pressures[mbar]

Lamp Monochromator Analysischamber

He 4 × 1025 3 × 1026 6 × 1029

Ne 2.5 × 1025 9.5 × 1027 1 × 1029

H2 3 × 1025 2 × 1026 3 × 10210

3



valves)to theplasmachamberof theUVS 300source.
A choiceof threedifferentgasesis available.

The lamp is basedon the reverse duoplasmatron
principle [13–15]. The conventionalduoplasmatron
was originally thoughtof as an ion source. Samson
and Liebl [13] proposedits use as an ultraviolet
radiation source. Principally it consistsof an anode
sectionanda cathodefilamentpart (Fig. 1), which is
able to provide high electron emission currents.
Within an inhomogeneousmagnetic field a plasma
is created betweenanodeandcathode.The advantage
of the duoplasmatron with respectto conventional
hollow cathodelamps is the considerably enhanced
photon intensity [13,16]. The UVS 300 lamp is a
conventional duoplasmatron with reversedgeometry
of anodeandcathode,recently suggested by Gerhardt
et al. [14,15]. The plasma ignites at a voltage of
150V with corresponding cathodefilament currents
of about20 A, depending on gasand pressure. The
anodecurrentcan be set between 0 and 3 A, hence
delivering photons approximately in proportion to
the anode current. Gasesare introduced into the
plasmachamberbetween anodeandcathodefilament
(Fig. 1). This plasma section is connected to the
differential pumping stage (TMP 250) via a cylind-
rical copper capillary. It is also connected via a
bypass valve to the pumping stage, providing
improved pumping when the filament is initial ly
degasedafter bakeout or before operation. For our
set-up the cylindrical copper capillary has been
replacedby a conical capillary modified in length
[23] and for its openingangle in order to maximize
the full solid angleandhencethe illumination of the
grating. With an entrance diameterof 2 mm a full
solid angle of 58 is achieved. The pressureshave
been improved considerably with this new, longer
capillary yielding, at the same time, an intensity
enhancement of a factor of approximately 1.5
becauseit is reaching closer to the plasmaregion.

As sketched in Fig. 1, supplementary parts are
addedto the source.An entrance slit systemcan be
used as the entrance aperture. Three different slits
makethe full solid angle switchable.In addition we
cantotally shuttheentrance.A voltagecanbeapplied
to this shutter in orderto avoid ions from the plasma
onthegrating or to measuretheinducedphotocurrent.
In order to improve pumping without losing solid
anglea conically shaped screeneris added(Fig. 1).

3.2.Monochromatorandoptics

Behind the screeneranda gatevalve, photonsare
diffractedby thetoroidal grating andpassvia another
gatevalve to theexit apertureandto thesample. The
connection between this electropneumaticvalve(Fig.
1) andtheanalysischamberis made in suchamanner
that the whole set-up (including monochromator,
lamp and turbo pumps) is movable on a sliding
carriage.Thereasonfor thisadjustableexit armlength
will be discussedbelow. The imageof the sourceis
optimized on the exit aperture with a diameterof
3 mm which is also movable independently with
respect to the monochromator chamber. This exit
aperture also has an important role minimizing the
gasflux into the chamber(seeTable 1). The mono-
chromator grating is a laminar toroidal grating
(1200grooves/mm from Jobin-Yvon, France) opti-
mized for He IIa radiation (40.8eV) and second
harmonics suppression. As a good compromise,the
monochromatorchamberitself has been optimized
for He Ia radiation (21.2eV) with respect to its
entrance arm and deflection angle becausethe aim
wasalsoto usemolecular hydrogen asdischargegas
with energiesin the rangeof 9–13 eV [16].

Followingthereviewof Westetal. [17] aberrations
in theopticalpathfunctioncanbeexpressedby asum
overFij termseachrepresentingacertainkind of aber-
ration. For example, thefirst ordertermsF20, F02, F30

andF12 represent thedefocus,astigmatism, comaand
astigmatic coma terms,respectively.In thecaseof an
ideal toroidal grating monochromator geometry, the
entranceandexit armlengthsandthedeflectionangle
should be adjustedfor every photon energy to have
the astigmatic term F02 equal to zero. This is,
however, not possible in our case for reasonsof
spacerestriction. As a consequence of using different
photon energies in a fixed geometry, onehasto deal
with large aberration and low energy resolution. An
elegant alternative, therefore, is to optimize only the
defocustermF20 which providesthelargestcontribu-
tion in the energy resolution power factor. This is
doneby varying solely the exit arm length whereas
the entrance arm length and deflection angle stay
constant. Then, the resolution power is significantly
improved with respect to a fixed geometry. It should
benotedthatthis schemestill providesa strongastig-
matism since the astigmatic term F02 doesnot fulfill

4



the condition of the ideal toroidal grating geometry.
However, for photoemission applications the crucial
point is to separatedifferent lines (i.e. the main line
from the satellite) and not to havea perfect geome-
trical imageof the source. In other words,we do not
mind having a completely distorted geometrical
image,as long as a maximal numberof monochro-
matic rays concentratesin a minimal focus. Taking
theexampleof HeIa , He Ib andHeIg photons(21.2,
23.1and23.8eV, respectively), the centerof gravity
of the rays with different energies is at a constant

angular separation given by the diffraction of the
grating.What changes with r 0, however, is thedistri-
bution width of scattered rays and therefore their
mixing. Optimizing the defocus term simply means
to choosethe exit arm length where raysof a given
energy are focalized best, resulting in an optimal
energy separation and resolution of the monochro-
mator. This behavior is confirmed by ray-tracing
calculations (not shown) for our set-up using the
shadowprogrampackage.

4. Resultsand discussion

4.1.Performanceof monochromator and lamp

First of all, in Fig. 2 we show a comparison of
ultraviolet photoemission (UPS) spectra taken on
Cu(110).Part (a) presents the overall valenceband
rangewith the strongCu 3d bandat approximately
2.5eV binding energy. The top spectrum has been
taken with the UVS 300 sourcewithout the mono-
chromator (i.e. with the quartz capillary) whereas
the bottom curve gives the same spectrum, but now

Fig. 2. (a) Comparisonof ultraviolet photoemission spectrataken
on Cu(110).Spectrahavebeennormalizedwith respectto the d-
bandmaximum.The spectrummeasuredwithout monochromator
hasbeenoffset. (b) Samespectraas in (a) but only for the region
aroundthe Fermiedge.

Fig. 3. Intensityratio of spectralweightat EF dueto He Ia andHe
Ib (left axis)andtotal intensityof theFermiedgefor He Ib (right
axis) as a function of the exit arm length.Note that the exit arm
length corresponds to the actual imagedistanceplus the distance
from thesampleto theexit aperture.Datais given for polycrystal-
line Ag.
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taken with monochromatized He Ia radiation. The
smooth sp-band near EF without satellites nicely
demonstrates the performance of the set-up. As
shown more strikingly in part (b), the Cu 3d band
featuresaround EF inducedby the He Ib (23.1eV)
and the He Ig (23.8eV) satellite lines are, within
the given accuracy, completely removed by the
monochromator. In comparison, for 0th order
diffraction, the intensity ratio He Ia /He Ib is
approximately 29.

In Fig. 3 we present calibration measurements
demonstrating the efficiency of our r 0 optimization.
Measurementshavebeenperformedon polycrystal-
line Ag, with the monochromator set for He Ib
radiation. The left axis givesthe ratio between spec-
tral weight at EF due to He Ia and He Ib (circles),
and the right axis the total intensity of He Ib
excited spectral weight at EF (squares), both as a
function of the exit arm length. The monochromator
hasbeenset to He Ib since the contribution of the
near-lyingvery strong He Ia main line still gives a
contribution within the sameenergyspectrum, thus
allowing for a direct comparison with varying r 0.
As one can seein Fig. 3, a minimum is obtained in

the He Ia /He Ib intensity ratio at roughly 405mm
for r 0. At the same time the intensity is also
maximized.

The capability to distinguishbetween He Ia and
He Ib excited photoelectrons improves by about
30% ([Imax 2 Imin]/Imax from the left axis). For the
pure spectralweight at EF one obtains an enhance-
ment of 15% (from the right axis). This corre-
sponds to the desired behavior. Note that the
optimum position extends over severalmilli meters
and the increase in the intensity ratio, as expected
for going to larger arm lengths, cannot be seen
clearly becauseour set-up is limit ed to a total
distance of 415mm. The rather asymmetric beha-
vior, however, i.e. a steep decrease of the ratio
followed by a flat region, is also reflected in the
ray-tracing calculations.They showthat the overlap
of optical rays from the different energies doesnot
significantly changewhengoing to longer armsbut,
in contrast, mixing increases rapidly upon short-
ening the armlength. Furthermore, for the experi-
ments shownin Fig. 3, the analyzer acceptancehas
beenchosensuch as to collect photoelectrons from
the completesampleareathat is illuminatedthrough

Fig. 4. Dispersivespectrumfor H2 dischargegasasobtainedfrom theAg polycrystal.Shownaretheintensitiesfor thetwo Ag 4d crystalfield
split T2g andEg bandsasa functionof the dispersive monochromatorsetting.Photonenergiesarelabeled.
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the exit aperture (seeFig. 1). Reducing the analyzer
acceptance area on the sample results in the
disappearance of the He Ia signal demonstrating
that by decreasingthe exit aperture size the mono-
chromator set-upeasily separatesboth lines.

We focusnow on theH2-inducedradiation. In Fig.
4 we presentthe Ag 4d photoelectronintensities for
thephoton energyregionfrom 10to nearly14 eV.For
everymonochromatordispersive position a spectrum
of theAg 4d bandwastaken. By fitting its T2g andEg

components,assumingtwo Gaussiansandsubtracting
a Shirley background,we obtainenergypositionand
intensity for every monochromator position. The
maximum at 10.2eV can be attributed to the very
intenseH Lya line, whereas12.1eV correspondsto
H Lyb . Furthermaxima correspond to H Lyg andH
Lyd andto photon energiesgiven in thefigure.Refer-
ring to the optical spectrumfrom Samson[16], our
measuredspectrum appearsas a convolution of the
sharp-lined optical spectrum with an experimental
broadening. Notice that in this energy interval the
Ag 4d photoabsorptioncrosssection increasesconsid-
erably towards higher photon energies. Therefore,
intensities cannot be compared directly with the
optical spectrum. The clear separation of several
photon energies exhibits the possibility of using
them for photoemission. However, due to the
hydrogenquasi-continuumonealwayshasa mixture
of photon energies in the samephotoemissionspec-
trum for a given monochromatorsetting, which is
expressed by a slightly smeared out Fermi edge2.
The estimated energyresolution thus obtainedis of
the orderof 200meV at its best.

Weconcludethissectionwith a look at total photo-
electronintensities providedby the monochromating
system.With Hephotonsof 0thorderon theAg poly-
crystal biased with 230 V we obtain a maximal
samplecurrent of 75 nA. Maximal samplecurrents
of 28 and 8 nA are measured for He Ia (1st order)
andHe IIa (1st order),respectively. All valueshave
beenobtainedfor ananodecurrentof 3 A of theUVS
300source.Theyhavebeenoptimizedwith respectto
thegaspressureandthecathodefilamentcurrent.For
hydrogenandneon,samplecurrentsof thesameorder
of magnitudewereobtained.

Regardingthe photoelectronintensitiesof the Cu
3d bandmaximumfor HeIa at1 A anodecurrent,we
find a factor of about2 lessintensity with the mono-
chromatorcompared to the original UVS 300 UV

Fig. 5. Fermi surfacemappings(FSM) for the Cu(110) single
crystal.Photonenergiesaregiven. Left side:FSMsin the energy
range where the Shockley surfacestate can be seenaround �Y.
Bottom left andright: experimentandtheoryfor He Ia (21.2eV).
High symmetry points/directionsand the SBZ are marked.The
dashedline (bottom right) representsthe cut sketchedat the top
right (cf. below): representationof thehighsymmetryplaneperpen-
dicularto the� �110�-direction.Solidpolygonsrepresentthebulk BZ,
dottedfeaturesgive theresultof theCu FScalculationwith typical
necksand bones.With increasingradiusk f the circles aroundG
representthe free electronfinal statewavevectorsfor 10.2,11.3,
12.1,16.9,21.2,40.8and48.3eV.

2 ThemeasuredFermiedgeis broadenedandcanbesuccessfully
fittedwith two Fermi–Dirac distributionsbeingslightly differentin
energypositions.
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source with a 160mm quartz capillary (2 mm
diameter) at the sameanodecurrent. Compared to
our previous Leybold UV source operated without
monochromator we obtain a factor of 1.5 more in
monochromatized intensity at 1 A. Given the fact
that operationat 3 A is possiblewe gain more than
a factorof 4. Our laboratoryset-upthereforeprovides
monochromatized photons of various energies with
high intensity.

4.2.k-spaceimaging

Wefocusnow on thephysical relevanceof thisnew
set-upwith regardto photoelectron spectroscopy.In
Fig. 5 we presenta set of Fermi surfacemappings
(FSM) measured on the Cu(110) surface using
different photon energies. Two-dimensional cuts
through the three-dimensional FS of Cu have been
described in detail for 21.2eV radiation elsewhere
[3].

Briefly, the photoelectron intensity is collected
within a small energy window centeredat EF. This
spectralweight is mapped for all emission angles
anddisplayedin a linear gray scalerepresentationas
a function of theparallelcomponent(ki) of thewave
vectork accordingto the well-known photoemission
formula (for zerobinding energy)

ki
�A21
h i

� 0:512·
���������������������
"v eV� �2 f eV� �p

× sinq �1�
where"v andf denote the photon energy and the
work function, respectively. The center of the
mappings represents normal emission (q � 08)
whereas the outer circles represent grazing emission
(q � 908).

Thebottomof Fig. 5 comparestheHeIa (21.2eV)
FSM (left) with a calculation [3] (right) donewithin
the Layer–Korringa–Kohn–Rostocker (LKKR)
formalism [24] indicating the intensity contributions
(black dots) due to direct transitions from EF in the
frameof the free electron final state(FEFS)approx-
imation.ThesurfaceBrillouin zone(SBZ) is sketched
andhigh symmetry pointsanddirections arelabeled.
Within the FEFS approximation high photoelectron
intensities appearin the experiment for direct transi-
tionsbetweentheFSin theextendedzoneschemeand
the FEFS sphere accounting for energy and
momentumconservation. This is illustrated in the
top right drawing of Fig. 5. Assuming an inner

potential of V0 � 13.5eV and a work function of
f � 4.7eV, we draw the FEFSwave vectorskf �
0:512·

���������������������������������
"v eV� �2 f eV� �1 V0 eV� �p

as circular
segments around the G-point of the bulk BZ. The
length of the final state vectors increases with the
photon energy, corresponding to 10.2, 11.3, 12.2,
16.9,21.2,40.8and48.3eV. Thesolid line hexagons
representthe bulk BZ. Partly dotted is the result of
theFScalculation, exhibiting thewell-known‘necks’
at the L-points and ‘bones’ around X. From this
sketch one can see that different photon energies
lead to different cuts, therefore slicing through the
bulk FS.

The most eyecatching feature is the well-known
Shockley surface state around the �Y-point of the
SBZ. As a matter of fact, the surfacestate appears
in regionsof the bulk gap as is indicated in the top
right sketchof Fig. 5 by thehatchedarea.A zooming
effect can be seenvery nicely when reducing the
photon energyfrom 21.2 down to 10.2eV. This is
easyto explain taking into account the usualphoto-
emission formula of Eq. (1) where changing the
photon energy "v modifies the expressionfor ki.
The ki range covered within 0–908 of emission
angles becomessmaller for decreasing photon ener-
gies. Therefore,in orderto scantheexistenceareaof
the �Y surfacestate,i.e. the hatchedarea(Fig. 5, top
right) of the bulk gap,the angular interval increases
for lowering the photon energy, thus explaining the
zooming effect. The same applies to bulk states
where with increasing photon energy the FEFS
vector kf reachesfarther out. As a result, going
from "v � 10.2 to 21.2eV, the stronghalf-ellipses
centered around the Shockley states continuously
move towards the center. Differences in spectral
weight along the high intensity lines are explained
by matrix element effects, including the influenceof
the polarization. At presentthe origin of the weak
propeller-like features crossing the centerof the H2

FSMs(10.2,11.3and12.1eV) is unclear.Theyhave
more or less the samesymmetry as the bulk bands
and correspondmost probably to excitationswith a
slightly different photonenergyas explained before
(seethe previousfootnote).

The two He II FSMs(40.8 and48.3eV) arequite
differentfrom those for energiesbelow21.2eV. Now
the final statewave vector is large compared to the
dimensionsof theSBZand,hence,theki resolution is
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worse. The Shockley surfacestate is not resolved
anymore,a fact thatmaybeattributedto crosssection
effects.Ontheother hand,awiderregionin k-spaceis
accessible at these energies. The final state sphere
touchesthe FS near normal emission at the top of
the ‘dog-bone’(Fig. 5, top right), suchasto produce
an extendedareaof high intensity.

Finally we may notice that gray scalemappingis
not restricted to constantenergyscansas presented
in Fig. 5 but is also applicable for collecting
complete energy distribution curves along high
symmetry directions as reviewed for the textbook
example Cu in Fig. 4 of Ref. [11]. Other examples
are given for Ni(111) [9], c(2 × 2) 2 Na/Al(001)
[25], Yb/Al(001) [26] or H/Ni(110) [27]. The two
measuring modes nicely illustrate the inherent
complement between the k(E) and E(k) way of
displaying band structures, therefore justifying the
term ‘k-spaceimaging’.

5. Conclusions

We have presented a new experimental set-up
combining a high intensity UV source and a VUV
monochromatorfor photoelectron spectroscopy.The
possibility of scanning theexit armlengthallows one
to optimizeresolution andintensity at thesametime.
A great variety of different photon energies is
obtained depending on the discharge gas. In parti-
cular,usingH2, aquasi-continuumof photonenergies
arisesbetween 10 and 13 eV. The set-up,therefore,
provides a powerful tool for angle-resolvedphoto-
electronspectroscopy,asshownby anactualzooming
into thesurfaceBZ of Cu(110), demonstratingrealk-
spaceimaging.
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[1] S. Hüfner, Photoelectron Spectroscopy, Springer Series in
Solid StateSciences82, Springer,Berlin, 1995.

[2] A. Santoni,L.J.Terminello,F.J.Himpsel,T. Takahashi,Appl.
Phys.A52 (1991)229.

[3] P. Aebi, J. Osterwalder, R. Fasel,D. Naumović, L. Schlap-
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