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Begleitwort

Mit seinensiebenProfessurendecktdasPhysik-Institut ein breites,nationalund internationalver-
netztesSpektrumexperimentellerForschungab, dasvon den EigenschaftenbiologischerMakro-
molek̈ule bis zu jenender elementarenBestandteiledesUniversumsin seinerFrühphasereicht. In
denbeidenetwa gleich starken Hauptbereichen,Physik der kondensiertenMaterieund Physik fun-
damentalerSysteme,�nden sich Gruppenin der Bio-, der Ober� ächen-,der Festk̈orper- und der
Elementarteilchenphysik. Die mit demRücktritt von Prof. RolandEngferim Februar2001freige-
wordeneProfessurin Kern-undTeilchenphysik ist seitdem1.4.2003durchProf. AndreasSchilling
im BereichPhysik der kondensiertenMateriebesetzt.Die ForschungsgruppendesPhysik-Instituts
werdendurchinsgesamtfünfzehnNationalprojekteuntersẗutzt. Unteranderemist dasPhysik-Institut
an denNationalenForschungskompetenzzentren(NCCR) MaNEP(Materialswith novel electronic
properties,H. Keller, A. Schilling) und NanoscaleScience(Impacton life sciences,sustainibility,
informationandcommunicationtechnology, H.W. Fink) beteiligtundgeḧort zudenMitgründerndes
SwissInstituteof ParticlePhysics(CHIPP)(C. Amsler, U. Straumann).Vom 1.9.2002bis 30.6.2003
war Prof. Zhi-Xun Shen(StanfordUniversity, U.S.A.) am Physik-Institut als Gastprofessortätig.
Zwischenihm und denForschungsgruppender Physik der kondensiertenMateriehat in dieserZeit
ein fruchtbarerwissenschaftlicherAustauschstattgefunden.

Die Aufbau-undInstallationsphasederBiophysik-GruppevonH.-W. Fink ist abgeschlossenunddie
ForschungderGruppehat ihre Schwerpunktenunauf vier Projektekonzentriert.GemeinsamesZiel
allerProjekteist es,dieEigenschafteneinzelnerObjekteim Nanometerbereichzuerforschenundsie
sichnutzbarzumachen.EinbesonderesInteressegilt dabeidenEigenschaftenundFunktioneneinzel-
nerBio-Moleküle. Die experimentellenMethodenreichenvon derFluoreszenz-Mikroskopiezur di-
rektenBeobachtungeinzelnerMoleküle in wässrigenLösungen,̈uberdieFeldionen-Mikroskopiemit
atomarerAu� ösungbis zur Hologra�e mit kohärentenElektronenwellen.Zur Strukturierungvon
Ober�ächenunddünnenFilmenim NanometerbereichstehtseitSommer2003ein fokussierterGal-
lium IonenstrahlzuVerfügung.

Nanostrukturenin Form von ultradünnenSchichten,Quantendr̈ahtenoderQuantenpunktenwerden
in der Gruppevon J. Osterwaldermit Methodender Ober� ächenphysik kontrolliert hergestelltund
charakterisiert.Die in solchenStrukturendominierendenGrenzschichtenwerdenmit atomarerAu� ö-
sungauf ihre Güte getestet.Wo nötig werdendazubestehendeMessmethodenverbessertoderes
werdenneueentwickelt. DasZiel ist es,durchStrukturierunggezieltelektronische,magnetischeund
auchkatalytischeEigenschaftenvonOber� ächenzubeein�ussen.

Die Gruppevon H. Keller untersuchtfundamentaleEigenschaftenvon unkonventionellenSupra-
leiternundverwandtenmagnetischenSystemenmit demZiel dennochimmerunverstandenenMe-
chanismusderHochtemperatur-Supraleitungzuklären.Mit Hilfe vonUntersuchungendessogenann-
ten Isotopen-Effektesist es der Forschungsgruppegelungen,zu zeigen,dassnebender Elektron-
Elektron-Korrelation auch die Elektron-Phonon-Wechselwirkung wichtig für das Versẗandnisder
Hochtemperatur-Supraleitungist. DiesewichtigeErkenntniswurdebis anhinvon denmeistenWis-
senschafternin derModellierungdieserneuartigenMaterialiennicht in Betrachtgezogen.

SeitApril 2003ist dieneueForschungsgruppevonA. SchillingamPhysik-Instituttätig. In dieserZeit
wurdenneueApparaturenevaluiert und beschafft und zwei Doktorandenin die Gruppeaufgenom-
men.Die neueForschungsgruppewird sichderUntersuchungvonelektronischenPhasen̈ubergängen
in Metallenund Supraleiternund desthermischenTransportesin niedrigdimensionalenSystemen,
sowie derSyntheseundCharakterisierungvonneuenMaterialienwidmen.

Die GruppeComputerassistiertePhysik von P.F. Meier untersuchtmit derMethodederDichtefunk-



tionaledie elektronischeStrukturvon Materialien,die Hochtemperatur-Supraleitungaufzeigen.Die
berechnetenGrössenwie z.B. elektrischeFeldgradienten,HyperfeinfelderundchemischeVerschie-
bungenermöglichendie Interpretationdermit KernresonanzspektroskopiegemessenenDaten.

Die Teilchenphysikgruppensind in Beschleunigerexperimentenam CERN in Genf, am DESY in
Hamburg, undamBNL auf Long Islandengagiert,undzwar sowohl in laufendenExperimenten,als
auchin derVorbereitungneuerProjekte.Die GruppevonU. Straumannist verantwortlich f ür denin-
nerenSpurdetektordesLHCb-Detektors(CERNLHC), beidemgross�ächigeSilizium Sensorenzum
Einsatzkommenwerden.Silizium-Pixel Detektorenplantdie GruppeC. Amslermit ihrenKollegen
vomPSIim innerenSpurdetektektordesCMS-Detektors(CERNLHC) einzusetzen.Die Mitarbeiter
vonP. Truöl planendasVetosystemfürdenKOPIO-Detektor(AGSBrookhaven).In diesendreiExpe-
rimentenstehtdieErforschungderUrsachenderbeobachtetenTeilchen-AntiteilchenAsymmetrieim
Vordergrund,seiesim beautyoderim strange QuarkSektor. Von denlaufendenExperimentengibt
esEvidenzfür ein neuesBaryon(ein Pentaquarkmit einemanti-charmQuarkalsBaustein)zu ver-
meldensowie dieerstenErgebnisseausderStreuungpolarisierterElektronenamProtonbeihöchsten
Energien (H1-ExperimentamDESY, GruppenStraumannundTruöl). Die ATHENA Kollaboration
hat die erfolgreicheBeobachtungvon AntiwasserstoffatomendurchweitereexperimentelleFakten
untermauert.Am PSIundamBrookhavenAGSsinddie Grenzenfür zwei Leptonzahlerhaltungver-
letzendeZerfälleweiterreduziertworden.

Alle Forschungsgruppenpro�tieren von der tatkräftigenUntersẗutzungdermechanischenundelek-
tronischenWerksẗatten,sowie destechnischenPersonalsunddesSekretariats.Alle helfenmit einen
reibungslosenAblauf in ForschungundLehreaufhohemNiveauzugarantieren.

Die betr̈achtlichenLehraufgabenderPhysik-Dozentenschliessendiefakultäts̈ubergreifendephysika-
lischeGrundausbildungfür vieleStudienrichtungenunddiezumTeil mit derjenigenandererSchwei-
zer HochschulenverbundeneSpezialausbildungder Physik-Studierendenein. In Zusammenarbeit
mit Studierenden,Assistierendenund Kollegen ausder Mathematikund theoretischenPhysik hat
U. Straumanndasneue,demdreistu�genStudienmodell(Bologna) angepassteCurriculumfestgelegt.
Die Ausbildungsinhalteund -methodensind dabeiangepasstwordenmit demZiel, ein attraktives
Studiummit intensiver pers̈onlicherBetreuungder Studierendenanbietenzu können. Mit der neu
etabliertenKursvorlesung”Physik auf derNanometerskala”undeinembegleitendenPraktikumsex-
perimentist diesesjungeForschungsgebietausderPhysik derkondensiertenMaterienunauchin der
Lehrevertreten.

Im September2003wurdedasPhysik-Institut von eineminternationalenTeamvon renommierten
Expertenevaluiert.EswurdendieLeistungenin derLehreundin derForschungdurchdie typischen
IndikatoreninternationalePräsenz,PublikationenundeingeworbeneDrittmittel beurteiltundals im
internationalenVergleichüberdurchschnittlichgutbewertet.

EndeAugust2003ist PeterTruöl alsInstitutsdirektorzurückgetreten,umsichseinerneuenAufgabe
alsDekanderMathematisch-naturwissenschaftlicheFakultätvoll zuwidmen.Wir wünschenP. Truöl
alles Gute für die erfolgreicheAusübung dieserneuenHerausforderungund danken ihm für sein
enormesEngagementfür dasPhysik-Institut,daserkompetentundfair geleitethat.

Zürich, im Mai 2003
Prof. Dr. HugoKeller
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1 Production and Spectroscopyof Antih ydrogen

C. Amsler, A. Giacomin,A. Glauser, O. Iannarelli,I. Johnson,H. Pruys,C. Regenfus,andJ.Rochet

in collaborationwith:
CERN,Universityof Aarhus,Brescia,Genoa,Pavia, RIKEN, Rio deJaneiro,Swansea,Tokyo

(ATHENA Collaboration)

The�rst observationof cold antihydrogen( �H ) wasreportedin 2002by theATHENA collaboration
[1]. This breakthroughhasstimulatedrenewed interestin the �eld of low energy antimatter, and
comparisonsof thepropertiesof antimatterwith thoseof matter. For futurelaserspectroscopy exper-
imentsthetemperatureandquantumstateof the �H atomhave to becontrolled.In 2003we therefore
concentratedon the mechanismunderlyingthe formation of �H , when low energy antiprotonsare
mergedwith a denseandcold positronplasma. We have alsobegun installing a lasersystemthat
allowsspeci�c �H statesto beaddressed.

Antihydrogenis formedin a nestedPenningtrapby mixing 104 antiprotonswith a positronplasma
containingup to 108 particlesat a temperatureof 15 K. Low energy antiprotonsfrom the CERN
antiprotondecelerator(AD) are moderatedand capturedin a Penningtrap and are cooledto the
ambienttemperatureof 15 K (1.3 meV) by a preloadedelectronplasma.The captureef�ciency is
about0.4 %, mainly determinedby energy stragglingin theabsorber. Antihydrogenbegins to form
aftertheoverlapof theantiprotonswith thepositrons,with initial productionratesin excessof 300Hz.
Thecharacteristicsof thepositronplasmasuchasthenumberof particles,thedimensions(typically 2
cm in length,2 mmin width) andthedensity(108-109 cm� 3) canbeobtainedwith anon-destructive
methodbasedonameasurementof thelow-orderaxialelectrostaticmodesof theplasma[2]. Theraw
experimentaldataaretheresonantfrequenciesof the�rst two modes(dipoleandquadrupole),andthe
equivalentinductanceof theplasma.Theplasmadiagnostic,coupledwith radio-frequency heating,
canbe usedto monitor andcontrol changesin the plasmatemperature.Antihydrogenformationat
15K will becalled“cold mixing” while positron-antiprotonmixing with apositronplasmaheatedto
� 3000K will bereferredto as“hot mixing”.

Theneutral �H 's arenot con�ned by theelectricandmagnetic�elds andthereforemigrateto thetrap
walls wherethey annihilate. Theseeventsaremonitoredby the �H detectorbuilt by the University
of Zurich [3]. The detectorconsistsof two layersof double-sidedsilicon strip detectorsto register
the chargedannihilationpionsandto reconstructthe annihilationvertex. Antihydrogenis detected
by requiringthespatialandtemporalcoincidenceof thevertex with two back-to-back511keV 
 's
producedby theannihilationof thepositron.The
 's aredetectedby a high granularityelectromag-
netic detectorcomprising192 CsI crystalswith avalanchephotodiodereadout. A comprehensive
descriptionof theATHENA apparatuscanbefoundin ref. [4].

1.1 Antih ydrogenproduction ef�ciency

The observation of cold �H was basedon a completereconstructionof its annihilation, in which
bothantiprotonsandpositronsweredetectedvia their annihilationproducts.We reported131� 22
“golden events” [1]. However, the detectionef�ciency waslow (' 0.2%),mainly dueto the 20%
detectionef�ciency for eachof the two 511 keV photons,andstringentsoftwarecuts. In a further
analysis[5] weshow thatthetriggerrateduringcoldmixing is dueto two sources:�H productionitself
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comprisesover 85%of thetriggersat thebeginningof mixing, anddeclineswith a time constantof
several seconds.Antiproton annihilationon positive ions or on restgas(with a slowly decreasing
rate)comprisesthe remainderof the triggers. During a completecold mixing cycle �H production
accountsfor (65 � 5)% of the total integratedtrigger rate. Thusin 2002almost500,000 �H atoms
wereproduced.

In Fig. 1.1 (left) we show the photonenergy spectrumfor cold mixing and for antiprotonsonly,
normalizedto the samenumberof annihilationvertices. No peakis observed at 511 keV for the
annihilationof antiprotonsonly. This is goodnews sincewe fearedearlierthatthebackgroundfrom
positronannihilationfrom highenergy showersin thesurroundingcoilswouldbemuchmoresevere.
Thedifferenceplot (Fig.1.1,right) showsthe511keV line from positron(antihydrogen)annihilation,
togetherwith apurepositron(no �p) annihilationspectrum.Peakpositionandresolutionagree.
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Figure1.1: Left: photonspectrum(sumof the162bestcrystals)for coldmixingandantiprotonsonly.
Right: differenceplot andannihilationspectrumfroma purepositronplasmasuperimposed.

1.1.1 Orthopositr onium production

The detectionof antihydrogenrelieson the reconstructionof two back-to-back511 keV photons.
However, orthopositroniumcould be producedwhen positronsannihilateon the trap walls. The
contributionfrom orthopositronium(whichdecaysinto 3
 ) is unknown sinceit dependsonapossible
frozengaslayeronthetrapelectrodesurfaceatcryogenictemperatures.A largeproductionratecould
leadto anunderestimateof ourantihydrogenformationrate.

A dedicatedmeasurementwith positronsonly wasthereforeperformedto determinetherelativerates
of the 2
 and3
 decaymodesof e+ e� annihilationsfor antihydrogenatomsinteractingwith the
electrodesurfaces[5]. The electrostaticwell holding the positronswasmodi�ed so that the radial
outwardtransportof positronsontothetrapelectrodeswasstronglyenhanced.Thephotonsproduced
in positronannihilationsat the surfaceof the electrodesweredetectedin the photondetector. The
triggerconditionrequiredthedetectionof at leasttwo photonswith anenergy greaterthan150keV
each.For eventscontainingtwo or threephotons,thetotal energy E tot andthetotal momentumPtot

weredetermined.Figure1.2ashows theclearsignalfrom 2
 eventsat E tot = 2mec2 andPtot < 200
keV/c. The accumulationof eventsat Ptot = E tot stemsfrom 2
 eventsfor which one
 escaped
detection,while theotherunderwentComptonscatteringin the�rst crystalbeforebeingabsorbedby
thesecondadjacentcrystal.This processalsoaccountsfor mostdetected3
 events,stemmingfrom

1. PRODUCTIONAND SPECTROSCOPYOFANTIHYDROGEN
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Figure1.2: a) Ptot vs.E tot for 2
 -events;b) Ptot vs.cosineof theminimum2
 -openinganglefor 3

events.Theboxshowstheexpectedregion for orthopositroniumannihilation.

2
 events,for which one
 is Comptonscatteredin a �rst anddetectedin a secondcrystal. Figure
1.2bshows a distribution for 3
 eventssatisfyingtheconditionjE tot � 2mec2j < 200keV. The to-
tal momentumof the3
 is plottedversusthesmallestof thethreeanglesbetweenany 2
 . Compton
scatteredphotonsaccumulateatsmallangles.Theboxindicatestheexpectedorthopositroniumsignal
region. Thedetectionprobabilitiesfor thetwo decaymodeswereevaluatedby MonteCarlosimula-
tion. Fromtheobservednumberof eventswecouldconcludethat2
 eventsaccountfor at least95%
of all e+ e� annihilations.

1.1.2 Optimization of �H Rate

Combininghot and cold mixing data
we have producedso far in excessof
2 million �H atoms. However, this
correspondsonly to about 17% of
the antiprotonsinjectedinto the trap.
Possibilitiesto increasethis formation
ratewerestudiedin 2003. For exam-
ple, positronplasmacompressioncan
beachievedusingtheso-called“rotat-
ing wall” methodin which theplasma
is spunby applyinga rotatingelectric
�eld of severalhundredkHz to a seg-
mentedtrapelectrode.Thesegmented

Figure 1.3: CCD images of the position and sizeof the
positron plasmadumpedon the phosphorscreen in the
positron accumulatorwithout (left) andwith (right) rotat-
ing wall compression.

Faradaycupdetectorin thepositronaccumulatorwasreplacedwith a phosphorscreenandanauxil-
iary low-noiseCCD camera.This enablesa moreaccuratemeasurementof thepositionandsizeof
thepositronplasma(Fig. 1.3)beforeit is transferredto theATHENA mixing traplocatedinsidethe
main3T magnet.We achievedplasmadensitiesof up to 1010 e+ cm� 3, which is thehighestdensity
positronplasmaachievedworldwideto date.

Attemptswerealsomadeto increasethenumberof positronsavailablefor �H formationby stacking
successive shotsof positronsfrom thepositronaccumulatorin themixing trap.Figure1.4shows the
numberof stackedpositronsin themainmagnetversusthenumberof transfers.In this way we were
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ableto reachpositronplasmascontaining1.2 � 109 positrons,again the highestnumberof stored
positronsachievedanywhereto date.

Figure 1.4: Stacking successiveshotsof positrons
fromthepositronaccumulator. Theline is a �t to the
dataupto 20stacksandshowsthelinear behaviour.
The�t showsthat50million positronsperstackwere
captured.

Modi�cations to theATHENA traparebeingcarriedoutto implementtheso-called“sidebandexcita-
tion” of theradial �p motionto reducethe�p plasmasizeandincreasetheoverlapwith thee+ cloud:due
to thedegraderfoil, capturedantiprotonshave largeinitial axial,magnetron,andmodi�ed-cyclotron
amplitudes.While theaxial andcyclotronmotionsarequickly dampedthroughcollisionswith elec-
trons,thelargemagnetronradii of thecon�nedantiprotonsareretainedthroughouttheentirestacking,
transfer, andmeasurementcycle. This leadsto bothreducedtransferef�ciency andreduced �H pro-
ductiondue to poor radial overlapwith the positronplasma. The two independentradial motions
carriedout by chargedparticles,the magnetronmotion andthe modi�ed cyclotron motion, canbe
resonantlyexcited by azimuthalradio-frequency electric �elds. Quadrupolarexcitation at the sum
frequency of thetwo modes(thetruecyclotronfrequency, 45 MHz in ATHENA) leadsto a coupling
andenergy exchangebetweenthem. In the absenceof a cooling mechanism,this canbe usedto
transformlow-frequency, low-energy magnetronmotion into high-frequency, high-energy cyclotron
motion. In the presenceof a cooling mechanismthe modi�ed cyclotron motion would be quickly
dampedandthe total radialmotioncentered.No signi�cant improvementin the �H productionrate
wasachievedsofar. This issuewill bepursuedin 2004.

1.2 Dynamicsof antihydrogenformation

Wehavemeasuredtheantiprotonenergiesduringcool-
ing andwhile �H is ef�ciently formed[6]. Figure1.5
shows themeasuredantiprotonenergy spectraat vari-
oustimesduringthemixing cycle andFig. 1.6 theW-
shapednestedpenningtrappotentialwith thepositrons
in the middle. The antiprotonswereejectedfrom the
entrancewell andtheir intensitymeasuredasa func-
tion of electricpotential.Theantiprotonpotentialen-
ergy is divided into threeregions(labeledI-III in Fig.
1.5. Region I correspondsto �p energies larger than
positronenergies,region II to �p's within the positron
spacecharge, whilst in the lowest energy region III
antiprotonsno longerhave suf�cient kinetic energy to
penetratethepositroncloud.
The antiprotonsejectedfrom the left well undercold
mixing conditionsbegin to coolrapidlyandafterabout

Figure1.5: Antiprotonenergyspectra for
different interaction times,shownon the
left. Themaximumnumberof eventsper
channelin each distribution is indicated
on the right. Thevertical thick lines di-
videthethreeenergy regions(seetext)

1. PRODUCTIONAND SPECTROSCOPYOFANTIHYDROGEN
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Figure1.6: NestedPenningtrappotential

Figure1.7: Trigger ratevs. timefor cold mix-
ing. Theinsetshowsan expansionof timebe-
tween0 and0.2 secondsillustrating theonset
of �H productionat about20ms.

Figure1.8: Cosineof theopeningangledistri-
bution for different positron plasmatempera-
tures� 15K, 190K, 515K and3500K (topto
bottom,normalizedto themixingof 10'000 �p
with 7� 107 e+ ). Thepeakat -1 is dueto e+ e�

annihilationof �H atomshitting theelectrodes.

20 msa signi�cant fraction(' 40%)reachener-
giescloseto the bottomof the positronwell. It
is herethat they aremoving slowestasthey tra-
versethe positroncloud, andunderthesecondi-
tionsonemight expect �H to form. This is borne
out by the datashown in Fig. 1.7 wherethe �H
detectortriggerrateshowsadramaticincreaseaf-
ter 20 ms. On longer time scales,though �H is
still copiously formed, there are many antipro-
tonsthat retainkinetic energiescloseto thoseon
injection. This indicatesonly weakcoupling to
the positronplasma,possiblydue to poor radial
overlap. Thereis alsoa slow transferof antipro-
tonsinto region III, sinceantiprotonsarepresent
in both the left and right wells at longer times.
Theprecisemannerin which theantiprotonscool
below thelowestpositronenergy is not yet clear,
but mayinvolve �eld ionisationof weaklybound
�H . A measurementwithout positronsis included
in Fig. 1.5and,asexpected,noantiprotoncooling
is apparent.
We have also measuredthe temperaturedepen-
denceof �H formation[7]. Thetwo processesthat
leadto �H , radiativecombination(in whichapho-
ton removesthe binding energy) andthree-body
combination(in whichasecondpositronremoves
theexcessenergy), leadto differentn-statedistri-
butions. The former populatesmainly the low n
statesandthelattermainly thehigh n states.The
�H productionratehasalsoadifferentdependence
on temperature,T � 1=2 for the formerandT � 9=2

for thelatter.
As explainedabove, thepositronplasmatemper-
aturecould be changedin a controlledway by
radio-frequency excitation. The minimum mea-
surabletemperatureincreasewasabout15 meV
(� 175 K). The electrodetemperatureof 15 K
wasthe lower limit for theunheatedplasma,and
this was adoptedas the unperturbedtempera-
ture. Mixing wascarriedout at differentpositron
plasmatemperaturesincluding the cold mixing
data(15K) andthreeotherhighstatisticshotmix-
ing samplesat 190 K, 515 K and 3500 K. The
measurementswereanalyzedin avarietyof ways
by measuring(a) the2
 openingangleexcessen-
hancement,(b) thenumberof triggersfor all sam-
ples and (c) the peak trigger ratesfor the high
statisticssamples.The 2
 openingangledistri-
bution is shown in Fig. 1.8.
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One observes from the enhancementat low
cos� 
 
 that �H productiondecreaseswith tem-
perature,but is still producedat roomtemper-
ature. This favours radiative over three-body
combination.
The temperaturedependenceof �H is shown
for the threemethodsin Fig. 1.9. One ob-
serves a clear decreaseof the �H production
with positronplasmatemperature.However,
a simplepower law doesnot �t thedata. The
three-bodytemperaturedependence(T � 9=2) is
notconsistentwith data.Againthis favoursra-
diative over three-bodyrecombination.How-
ever, the radiative ratepredictionis not obvi-
ouslycompatiblewith ourdata,beinganorder
of magnitudelower. Morework is necessaryto
de�niti vely clarify theunderlyingmechanism.
We also measuredthe spatial distribution of
the emerging �H atomswhich can also pro-
vide insights into dynamicsof the formation
processand the distribution of initial atomic
states. Figure 1.10 shows the measureddis-
tribution comparedto a setof modeldistribu-
tions. The model that bestmatchesthe mea-
surementsis a slightly anisotropicdistribution
with a small radialexcess.Thenear-isotropic
natureof the distribution suggeststhat �H is
mostlyformedwhentheantiprotonsarediffus-
ing randomlyin thepositronplasma.Calcula-
tions suggestthat weakly boundstates(pop-
ulatedmostly by the three-bodymechanism)
would emergealongthe linesof themagnetic
�eld. Therefore,theobserved isotropicemer-
gencesuggeststhat three-bodycombination
maynot bethedominant �H formationmecha-
nismin ATHENA, in accordwith the temper-
aturemeasurementsdiscussedabove.

Figure 1.9: Temperature dependenceof �H pro-
duction(a) for the openingangleexcess,(b) the
numberof triggers,and(c) thepeaktrigger rates.
Dataarenormalisedto the15K sample.

Figure1.10: Comparisonbetweenisotropic, axi-
ally and radially enhancedaxial vertex distribu-
tionsof �H annihilations.A typical plasmalength
of 32 mmwasused.Thedataare almostcompat-
ible with isotropicemission(bluecurve).

1.3 Measurementsand impr ovementson detectorperformances

Improvementsto thedetectorreadoutweremadeto enhancethesensitivity andextendthecapabilities
of theATHENA apparatus.The32 Si � strip modulesof thedetectorarenow readout in a zerosup-
pressedmodesothatthedetectorcanbereadout at a muchhigherrateof 200Hz. Oneconsequence
is a substantialincreasein baseline�uctuations in theraw crystaldata.At readoutratesnear200Hz
electronicbaselinesof thecrystalscan�uctuate by morethan5 timestheaveragenoise.Thereadout
chipsare the causeof these�uctuations, sinceeachrow of 12 crystalsis readout by onereadout
chip andbaselinesof crystalswithin eachrow move together. Figure1.11illustratestherow-by-row
correlationof thebaseline�uctuations. New row-by-row baselinesfor eacheventarecalculatedby

1. PRODUCTIONAND SPECTROSCOPYOFANTIHYDROGEN
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Figure1.11:ADCversuscrystalchannel
distributions for a typical readoutrate
near200Hz. Upperdistribution: before
common-mode-noisecorrection (arti�-
cially offsetfrom0 by200ADCcounts).
Notethe commonoffsetsfor rowsof 12
crystalsconnectedto thesameampli�er
chip. Lower distribution: after a row-
by-row common-mode-noisecorrection.

Figure1.12: TheLorentzangle� leads
to different cluster lengthsL c that de-
pendon theincidentangle� .

Figure1.13:Clustersizedistributionfor
tracks in theplaneperpendicularto the
detectoraxisasa functionof � .

averaging the ADC valuesof the groupsof 12 crys-
tals (ignoringof coursecrystalswith signals).Thenew
row-by-row baselinesaresubtractedfrom thedatato ob-
tain ADC distributions that oscillate aroundzero, see
Fig. 1.11.

1.3.1 Measurementof the Lor entzangle

In the presenceof the 3 T �eld the charge carriers(the
holesin our detector)do not migrateradially alongthe
electric �eld but are de�ected by the Lorentz angle.
Hencetheclustersizeof thecollectedchargeis modi�ed
andits centroiddisplacedon thereadoutside.Underthe
drift alongtheLorentzangle� , theclusterlengthsL c is
shortenedfor tracksthat traversethesilicon at anglesin
thedirectionof theLorentzde�ection,andincreasedfor
tracksthatcrossin theoppositedirection(Fig. 1.12).
Oursensorsareorientedaroundtwo cylinders.Theprop-
agationdirectionof theholesis inwardfor theinnerlayer
andoutward in the outerlayer. This resultsin opposite
Lorentzangledisplacementsthatcansubstantiallymod-
ify the helix parameterizationof the tracksanddeterio-
ratethedeterminationof theannihilationvertex.
We thereforemeasuredtheLorentzde�ection angle� at
130K. Measurementsweremadewith cosmicrayswith
�eld off andon. Figure1.13showsfor exampletheaver-
ageclustersize(numberof adjacenthit strips)for tracks
in the planeperpendicularto the detectoraxis (� ' 0)
andtraversingthe silicon layer underthe angle� . The
symmetryabout� = 0 in the �eld off dataindicatesthat
charge is propagatingalongtheelectric�eld perpendic-
ular to the planeof the silicon, as expected,while the
asymmetryin thedistribution of the3 T dataclearly in-
dicatesthattheholespropagatealonganon-zeroLorentz
angle.
Sincethe clustersize also dependson the total charge
depositedandhenceon thetrackinclination� alongthe
detectoraxis,thedataweresubdividedin � intervalsand
�ts wereperformedfor eachbin todetermine� . Thestrip
pitch (139.5� m) anddetectorthickness(380 � m) were
�x ed to their known values,while the charge detection
thresholdwasleft asa freeparameter. Theresultsshown
in Fig. 1.14do not dependon � , asexpected.We obtain
a Lorentzangle� = (18.8 � 0.5) � for holesat 130 K
and3 T, while for the�eld off data� wasconsistentwith
zero.
In order to correct for the displacementcausedby the
drift alongthe Lorentzangle,all clusterpositionswere
thenshiftedby -64.5� m in the ~E � ~B direction.This led
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Figure1.14: Distribution of the Lorentz
angle� vs. � (track anglealong the de-
tectoraxis)for �eld onandoff.

Figure1.15:Shiftin thereconstructedpo-
sition of traversing cosmicrays for �eld
on (red) and off (blue). The shifts after
correctionareshownin green.

Pump

LH2

Crystal

Monochromator

Photomultiplier

Echelette 
grating

Figure 1.16: Optical spectrometer to
measure the light yield of scintillator
crystalsasa functionof temperature and
wavelength.

to asigni�cant improvementin theresidualsfor travers-
ing cosmicrayswhicharenow in goodagreementwith
theunaffected�eld off distributions(Fig. 1.15).

1.3.2 R & D on CsI crystals

PureCsI was chosenin ATHENA becauseof the ex-
cellent light yield at low temperature[8]. Initially,
the crystalswerecoupledto pn photodiodes,but their
performancesdeterioratedwith time, due to corrosion
from the iodine of CsI. We thereforereplacedthem
with avalanchephotodiodes(APD) which have gains
andhencemuchbettersignal-over-noiseratios. A sys-
tematicstudyof theresponseof SINTEFandavalanche
photodiodesas a function of temperatureand wave-
length was performed with an optical spectrometer
basedonanEchelettegrating[9].
In 2003we modi�ed this facility to measurethe light
emissionspectrumof scintillationcrystalsasa function
of wavelengthandtemperature.Figure1.16shows the
apparatus.A 50 MBq 90Sr electronsourceirradiates
a CsI crystalkept at liquid nitrogentemperature.The
monochromatoris equippedwith a sphericalmirror to
imagetheentranceslit with parallellight to theexit slit
afterthegrating.Thecrystalis locatedon a cold �nger
(seeFig. 1.17)at thefocusof themonochromator.

Figure 1.17: Cold �nger and vacuumchamber. The
crystal is attached to the coppersupportwith a cap-
ton tape. Thebrasspieceon the right is usedto press
the optical windowto the gasket ring and �ts into the
entranceslit of themonochromator.

To reachliquid nitrogentemperaturesagoodvacuumis neededto preventheat�o w throughtheshort
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Figure 1.18: Emissionspectra from
pure CsI crystal at different tempera-
tures. The logarithmic vertical scale
is in arbitrary units.

Figure1.19: Intensityof the emission
linesat 332nmand297nmasa func-
tion of temperature.

Figure1.20: Photograph of the kryp-
ton and dye lasers on the optical
bench.

distance(1 mm)betweenthecold�nger andthewall of the
chamberat room temperature.A turbo vacuumpump is
usedanda vacuumbelow 2� 10� 6 mbarcanbeachieved.
TheEchelettegratingis slowly rotatedwhile the light in-
tensity is measuredwith a photomultiplier. The current
of thephotomultiplieris integratedandmeasuredwith an
electrometer.
Dataweretaken in temperaturestepsof 10 K between90
and230K for wavelengthsbetween240and450nm. The
emissionspectrumcontainstwo lines (Fig. 1.18) which
were�tted with gaussiansanda smoothbackground.The
relative intensitiesof the �tted emissionlines at 297 and
332 nm areshown in Fig. 1.19asa function of tempera-
ture. Thepresenceof two emissionlines in purecold CsI
wasalreadyknown before[10]. However, our measured
intensitydistributionsaremuchmoreprecise.

1.4 R&D for laserspectroscopy

In 2003ourgroupgroupwasinvolvedin thepreparationof
thespectroscopy phase,namelytheconstructionof a laser
systemto generate243nmlight for 1s-2stwo-photonspec-
troscopy in antihydrogen[11]. We usedthe well known
non-lineartechniqueto generate243nm light from a laser
sourceof longer wavelength. The lasersystemconsists
of a Kr+ ion laser that emits 4 W in the range406 nm
to 415 nm. The (up to 6 W) Kr+ ion laserpumpsa dye
laserwhich emits in the range460 nm to 516 nm. The
dye laser is tuned to a wavelengthof 486 nm which is
twice thewavelengthof thetwo-photon1s-2stransitionin
(anti)hydrogen. Most of the equipmentwasprovided by
theUniversityof Aarhus. A photographof the two lasers
is shown in Fig. 1.20.
The light from the dye laseris sentinto an external fre-
quency doublingcavity containinganonlinearcrystal.The
secondharmonicgenerationpower in the crystal is max-
imum when the refractive indicesn for the fundamental
andthe secondharmonicsareequal. Sincethe refractive
index dependson frequency, a birefringentcrystalwith a
suitably orientedoptical axis is used,in which the ordi-
nary ray is chosenfor the fundamentalfrequency andthe
extraordinaryray for the secondharmonic,i.e. no(! ) =
ne(2! ). Lossesarereducedby usingacrystalcutsuchthat
thelight with fundamentalfrequency traversingthecrystal
penetratesthecrystalundertheBrewsterangle.Underthis
anglethe polarisationparallel to the planeformedby the
incidentbeamandthenormalto thecrystalsurfaceis not
re�ected but transmittedinto the crystal. The wavelength
canbemeasuredaccuratelywith aMichelsoninterferome-
terwith moving mirrors,calibratedonaHe-Nelaser.
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Figure 1.21: Photograph of the las-
ing cavity. Thecrystal is mountedin-
sidethetemperature stabilizedcopper
block in thecenterof thepicture.
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Figure 1.22: Tuning the dye laser to
486nm(inputpower45mW).
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Figure1.23:The243nmcavityoutput
power as a function of 486 nm input
power. Thecurveshowsthe expected
quadratic dependence.

Thecavity - Fig. 1.21- consistsof a Brewstercut rhomb
shapedbetabarium borate(BBO) crystal of dimensions
5� 5� 8 mm3. Thelight from thedyelaserentersfrom the
right. The convex mirrors have a re�ection coef�cient of
100% for the�rst harmonicanda transmissioncoef�cient
of 95 % for the secondharmonic. Oneof the mirrors is
mountedon piezoelectriccrystalto vary the optical path-
lengthin thecavity. Thebeamis sentto a photodiodefor
cavity locking. The cavity was developedby the Zurich
teamandthemechanicalstabilityof thepiezowasinvesti-
gatedin details[11]. Thesupportstructureandtemperature
stabilizedcrystalholder(to betterthan0.1� ) werebuilt in
themechanicalworkshopof our institute.
Figure1.22shows thetuningof 486nmlight from thedye
laser. Unfortunatelythespeci�edoutputpower of thedye
laser(360mW of power at 486 nm for 3 W input power)
could not yet be achieved. The power output is an order
of magnitudesmallerthanexpected.However, secondhar-
monicgenerationof 243nm UV light wasachievedin the
BBO cavity. Figure1.23showstheoutputpowerat243nm
asa functionof input power at 486nm. Themeasurement
agreewith thepredictionthat thesecondharmonicpower
increaseswith thesquareof theinputpower (curve).
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2 RareKaon Decaysat BrookhavenAGS

H. Kaspar(visiting scientist),P. Robmann,A. vanderSchaaf,
S.Scheu,A. SherandP. Truöl

Our researchprogramat the Brookhaven NationalLaboratory's AlternatingGradientSynchrotron
(AGS) focuseson rarekaondecays.Only at the AGS suf�ciently intenselow-momentumneutral
andchargedkaonbeamsarestill available today. ExperimentBNL E-865 �nished data-takingin
1998,andthe last resultsfrom theanalysisof a high-statisticssampleof raresemi-leptoniccharged
kaon decaysare being presented.The KOPIO-experimenthasbeenapproved for funding by the
U.S.NationalScienceFoundation,andits planningconcentratesnow on theconstructionof detector
prototypesanddevelopmentof asuitableneutralkaonbeam.

2.1 BNL E-865: a search for lepton �a vor violation in K + decay

in collaborationwith:
Paul–Scherrer–Institut,CH-5234Villigen; BrookhavenNationalLaboratory, Upton,NY-11973,USA;
Universityof New Mexico, Albuquerque,NM-87131,USA; Universityof Pittsburgh,Pittsburgh,PA-
15260,USA; YaleUniversity, New Haven,CT-06511,USA; Institutefor NuclearResearch,Academy
of Sciences117312Moscow, Russia

The�nal resultsobtainedby experimentE865concernthesearchfor thelepton�a vor numberviolat-
ing (LFNV) decayK + ! � + � + e� (K � �e ), i.e. thedecayfor whichtheexperimentwasprimarily set
up. Theproposalhadaimedfor a sensitivity level reachingdown to a branchingratio below 10� 11.
With �nite neutrinomassesestablishedLFNV is no longerforbidden.Thestandardmodelextended
to incorporateneutrinomassesstill predictsthisdecayto occuratanunobservably low level. Several
extensionsof the standardmodel,however, allow leptonfamily numberviolation at a muchhigher
rate(ashighas10� 10). Hence,if thesearchfor thedecayis successful,it signalsnon-standardmodel
physics,if not, parametersof theextensionmodelsareconstrained.We canillustratethis takingthe
exampleof theextendedtechnicolormodel(ETC) [1], wherethe transitionsbetweenthe leptonsof
differentgenerationscanbemediatedby ahorizontalETCboson.Dueto thesimilarity betweenK � �e

decayandthefamiliar decayK � 3 (K + ! � 0� + � � ) thebranchingratioscanbecomparedto give an
approximatemassof theETCboson(M H )

B (K � �e )
B (K � 3)

= 16
1

sin2 � c

�
gH

g

� 4 �
M W

M H

� 4

;

where� c is theCabbiboangle,g andgH aretheweakandETC couplingconstants,andM W is the
massof theW boson.

Theexisting limit on thebranchingratio for K � �e of 2 � 10� 10 [2] wasloweredwith E865's 1995/6
datato 2:8� 10� 11 [3]. Theanalysisof the1998data,whichwasthethesisprojectof Aleksey Sher[4]
hasby itself improved the limit to 2:2 � 10� 11. A combinationof all theabove resultsthenleadsto
1:2 � 10� 11 or, with gH � g, to

M H � 150TeV
�

10� 12

B (K � �e )

� 1=4

� 80TeV :

In orderto reachthis resulta time-consuminganddif�cult analysishadto bebroughtto conclusion.
Onedif�culty refersto thetotal amountdata,which Aleksey Sherhadto handle.During a periodof



12 Physik-Institut der Universität Zürich

sevenmonths1:5 � 109 K -decayswereregisteredin thedetector, correspondingto 500Exabytetapes
with approximately4.5 Gbyteeachor 2 Tbyte of raw data. The �rst analysisstep,which reduced
theamountof databy abouta factorof � ve, selectedeventswith threechargedtrackscomingfrom
a reconstructiblevertex andtook eight monthson a clusterof Linux workstationsat BNL working
aroundthe clock. This cumbersomepart wasfollowed by the selectionof candidatesbasedon the
reconstructedmomentausingkinematics,properparticleidenti�cation, thedecayvertex andtheevent
timing. Theblind analysisphilosophy wasfollowedhere,i.e. all conceivablesourcesof background
wereinvestigated�rst andcriteriaweredevelopedto suppressthem,beforethesmallvolumein the
multi-parameterspace,in which therealeventswereexpected,theso-calledbox, waslookedat.

Threetypesof backgroundhadto bedealtwith:

- decaysin whichoneor two of theproductsdecayed,too,yielding thecorrectK � �e �nal particles,
for exampletheK � decaysequenceK + ! � + � + � � ; � + ! � + � � ; � � ! e� �� e,

- decaysin which oneor two of thedecayproductsweremisidenti�ed, for exampleagain K � with
a � � misidenti�ed asane� anda � + asa � + , and

- accidentaloverlapof two kaondecayssimulatinga realdecay.

The detector [5] resided in a 6 GeV/c unseparatedK + beam and featureda high resolution
magneticcharged particle spectrometerwith four large multi-wire proportionalchambers,two of
them built by us in Zürich, a �nely segmentedelectro-
magneticcalorimeterof shashlyktype, a muon range�l-
ter equippedwith proportionaltubes,and two large atmo-
sphericpressuregas �Cerenkov counterswithin thespectrom-
etermagnets.Calorimeterand �Cerenkov counterinformation
wasusedfor e versus� discrimination.Only 0.2eventfrom
thesetwo typesof backgroundswere expectedin the sig-
nal region. In orderto reachthis predictionextensive Monte
Carlo simulationswere necessary, with the experimentally
andindependentlydetermineddetectoref�ciencies properly
adaptedto thehigh raterunningconditionsof 1998.Theac-
ceptancefor K � �e eventsandthe two monitor decaysfrom
pre-scaledminimumbiastriggereventsK Dal (K + ! � + � 0;
� + � 0� � ; e+ � 0� e; � + � 0� 0; � 0 ! e+ e� 
 ) andK � hadto be
calculated.Figures2.1and2.2 illustratehow well thesimu-
lation representsthemeasuredquantities.
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Figure2.1: Distributionsof (a) 3� invariant massand (b)
K + momentumfor K � (seetext). Full histograms: simula-
tion; crosses:measureddata.
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e+ e� pairs. Full histograms: sim-
ulation; crosses:measureddata.
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Figure2.3:
Three particle invariant mass
for K � �e candidates.Thesig-
nal region (box) is indicated.
Full histogram: predicted
backgroundfrommisidenti�ed
K � and K Dal decaysand ac-
cidentalbackground; crosses:
measureddata.
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Figure2.4:
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Themostproblematicbackground
sourceturned out to be acciden-
tal coincidences,e.g. from thede-
cay K + ! � + � 0; � 0 ! e+ e� 

with detected� + ande� anda� +

from thebeamhaloor anotherde-
cay, which survived the selection
criteria. The analysisof the side
bins in the event timing distribu-
tionsandof thoseevents,to which
thereconstructionassignedakaon
momentumabove 6.9 GeV/c led
to anexpectationof 8:2� 1:9 such
events in the box (seeFig. 2.3).
Eight events were indeedfound,
when the box was opened,to all
of which themaximumlikelihood
analysisassigneda low probabil-
ity to besignalevents(seeFig. 2.4
andFig. 2.5).
The �e xibility of the E865 appa-
ratusallowed also to obtain high
statisticsevent sampleson other
rare �nal states, where existing
datawerescarce,namely:

- � + e+ e� � �

- e+ e+ e� � e (K `� 
 � )

- � + � � e+ � e (K e4)

- � 0e+ � e (K e3)

- � + e+ e�

- � + � + � � :

Several publicationshave appearedconcerningthesedecaybranchesin the past, the last two in
2003[6; 7]. Theanalysisof theK e4 data(400'000events)allowed to measurelow energy s-wave
� � scatteringphaseshiftsandK -decayform factorswith highprecision,from whichanew valuefor
thes-wave � � scatteringlengthwasextracted[6]. Theseresultsareoftencited,becausethey provide
stringentconstraintsfor chiralQCDperturbationtheory(ChPT)parameters.In adedicatedlow inten-
sity runin 1998wealsocollected70'000K e3 eventsto afford aprecisemeasurementof thebranching
ratio for this decay, which alongwith thatfor theanalogousdecayof theneutralkaonis theprimary
sourcefor thedeterminationof theCKM quarkmixing matrixelementVus. In ourexperimentthe� 0

wasdetectedvia its Dalitz decay� 0 ! e+ e� 
 andtheK e3 branchingratio wasmeasuredrelative to
thesumof all otherdecaysinvolving � 0 [7]. We have reportedon thesigni�canceof this resultfor
testingunitarity relationsin CKM-matrix [8] lastyear.
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2.2 KOPIO: a study of the CP-violating rar edecayK 0
L ! � 0� �

in collaborationwith:
BrookhavenNationalLaboratory, Universityof Cincinatti,INR Moscow, KEK, Kyoto Universityof
Education,Kyoto University, Universityof New Mexico, INFN Universityof Perugia,Stony Brook
University, ThomasJeffersonNationalAcceleratorFacility, TRIUMF/UBC, University of Virginia,
VirginiaPolytechnicInstitute& StateUniversity, andYaleUniversity.

Theaimof theexperimentasformulatedin theproposalanddetailedin thetechnicaldesignreport[1],
ameasurementof thebranchingratioof thedecayK 0

L ! � 0� � with asingle-eventsensitivity around
6 � 10� 13 (correspondingto � 50� 20observedeventsfor theSM prediction),remainsunchanged.

ThecombinedMECO/KOPIOprojectat BNL is partof theUS NationalScienceFoundations(NSF)
Major ResearchEquipment(MRE) programandfundingof constructionandoperationwill startin
October2005.Until thatdatesomeUSD6 million will beavailablefor planninganddesignactivities.

Within the StandardModel the K 0
L ! � 0� � decayamplitudeis directly proportionalto the CP-

violating phasein theCKM matrix. In contrastto the interpretationof thevalueof � 0=� theoretical
uncertaintiescanbeneglected.WhereastheStandardModelmakesnoquantitativepredictionfor this
phasethecomparisonwith theresultobtainedin theB -mesonsectorwould allow a sensitive testof
theStandardModel.

TheKOPIO-experimentwill useanintenselow momentum,timestructuredK 0
L beamavailableonly

at the AGS.This way the momentumof the kaoncanbe determinedfrom the time of �ight which
will allow the full reconstructionof the � 0 massandmomentumin the K 0

L center-of-masssystem.
Kinematicalcuts and an elaborateveto countersystemare designedto nearly eliminateall back-
groundfrom K 0

L decaymodeswith additional� 0 or chargedparticles.Theobservationof about40
to 50 events(at SM predictionlevel) with a signalto backgroundratio of 2:1 would correspondto a
measurementof theareaof theCKM unitarytrianglewith anaccuracy of about10%.

Our group has taken on the responsibilityfor the designand constructionof the charged parti-
cle veto counters,which areof crucial importancefor a variety of backgroundsources,e.g. from
K 0

L ! � � e+ 
 � e andK 0
L ! � � � + � 0. Theenergy of thePSI� � beamsis ideally suitedfor testing

prototypes,aprogramwhichwestartedin 2000.

2. RAREKAON DECAYS AT BROOKHAVEN AGS
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2.2.1 CP violation in the quark sector: SM and beyond

Within the SM CP violation in the quark sectorarisesfrom a single complex phasein the CKM
mixing matrix [2]. In theWolfensteinparametrisationtheviolation resultsfrom a non-zerovalueof
theparameter� whichmanifestsitself in two CKM elements:

Vub = jVubje� i� = A� 3(� � i� )
Vtd = jVtd je� i
 = A� 3(1 � (1 � � 2=2)(� + i� )) � A� 3(1 � � � i� )

The decayK 0
L ! � 0� � has major contributions from penguinand box diagramswith up-type

quarksin the intermediatestate. Since the transition amplitudescaleswith the quark massthe
top contribution dominatesby far and A(K 0

L ! � 0� � ) / V �
tdVts � V �

tsVtd / i� . As a result
B (K 0

L ! � 0� � ) / � 2. The correspondingcharged decaymodedoesnot requireCP violation
but givesacircularconstraintaround� = 1:3; � = 0: B (K + ! � + � � ) / (� � 1:3)2 + � 2.
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Figure2.6: TheconstraintsfromvariousK and
B decayson the Wolfensteinparameters � and
� . ResultsfromtheCKM�tter workinggroup2.

Ultimately thesetwo decaymodestogetherwill
give a completepicture of CP violation in the
K systemwith negligible theoreticaluncertain-
ties. Figure2.6 shows how variousobservables
in K andB decayscontributeto our knowledge
of � � (1 � � 2)� and� � (1 � � 2)� .
Physics beyond the SM generallyallows addi-
tionalCP-violatingphases[3] andasaresultthe
SM descriptionwith a universalsetof Wolfen-
steinparametersfor K andB wouldbreakdown.
It is veryfortunatethatwemayexpectsigni�cant
improvementsin theexperimentalconstraintsin
bothareasduringthenext decadesothatmean-
ingful testscanbemade.
A recenttheoreticalanalysis[4] links the ob-
served B ! � � rates using SU(3) �a vour-
symmetryandplausibledynamicalassumptions
to theB ! � K ratesanddeterminestheCKM
angle
 in accordancewith the usual�ts. The
analysisof theB ! � K systemin theSMyields
good agreementwith the experimentalpicture,
with theexceptionof thoseobservablesthatare
signi�cantly affectedby electroweak penguins,
therebysuggestingnew physics(NP) in thissec-
tor. Indeed,a moderateenhancementof these
topologiesandalargeCP-violatingNPphaseal-
lowsthento describeany currentlyobservedfea-
tureandto predicttheCP-violatingBd ! � 0K S

observables. In the speci�c scenariowhereNP
entersonly throughZ 0 penguins,oneobtainsa
link to rare K and B decays,where the most
spectacularNPeffectsareanenhancementof the
K L ! � 0� �� rate by one order of magnitude
with B (K L ! � 0� �� ) � 4B (K + ! � + � �� ).

2http: ==www.slac.stanford.edu =xorg =ckmfitter =ckm- results - winter2004.html
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2.2.2 The KOPIO experiment

ThedecayK 0
L ! � 0� � will bedistinguishedfrom othermorelikely decaymodeson thebasisof the

following signature:

- Two photonsareobservedwith a commonvertex insidethe decayregion andan invariantmass
equalto m� 0 .

- No simultaneouschargedparticlesor additionalphotonsareobserved.

- Theenergy E �
� 0 of thereconstructed� 0 in theK 0

L restframe(usingtheK 0 timeof �ight through
thebeamline) andthephotonenergy sharingdo not coincidewith the regionspopulatedby the
backgroundof thedecayK 0 ! 2� 0 remainingaftertest2.

Figure2.7: TheKOPIOdetectionsystem.

Figure2.7shows theplannedsetup.The� 0 detectorconsistsof a highly segmentedpre-radiatorfol-
lowedby anelectromagneticcalorimeter. All remainingdetectorsserve asvetocountersfor charged
particlesandphotons. Particularly problematicare the detectorsfor particlesandphotonsmoving
alongthe beamwhich containsO(1011) s� 1 neutrons.Chargedparticlesarebendout of the beam
with thehelpof asweepingmagnetsituatedright behindthe� 0 detector.

The Zürich group took over the responsibilityfor the main charged-particleveto systemsituated
directly aroundthedecayregion. Additional vetosystemssituatedfurtherdownstreamshoulddetect
chargeparticlesescapingthroughthebeampipe.Thepurposeof thecharged-particlevetosystemsis
theef�cient identi�cation of backgroundprocessesin which anapparent� 0 ! 2
 decayinsidethe
decayvolumeis accompaniedby chargedparticleemission.Examplesof suchbackgroundprocesses
are,(i) K 0

L ! � + � � � 0, (ii) K 0
L ! e+ � � � 
 in which thepositroncreatesa secondphotonthrough

Bremsstrahlungor annihilationin �ight, (iii) K 0
L ! e+ � � � again followedby e+ ! 
 whereasthe

2. RAREKAON DECAYS AT BROOKHAVEN AGS
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� � createsa photonthrough� � p ! � 0n. In all casestwo particleswith oppositeelectricalcharge
emerge.Theeventsmayalsoproducesignalsin otherdetectorelements,like thebarrelvetosystem.

As discussedalreadyin theproposalsimulationshowsthatdetectionef�cienciesof 99.99%or better
arerequiredto keepthesebackgroundsbelow a few eventsin the �nal sample.Our 2001studiesat
PSI[5] haveshown thatthedeadlayer in front of thevetosystem(which includeswrappingmaterial
andpossiblya window separatingthe detectorfrom the high-vacuumdecayregion) shouldbe kept
below 20 mg/cm2 andthata detectionthr esholdof � 75 keV (correspondingto � 0:3 mm scintil-
lator thickness)shouldbereached.Minimising deadmaterialin front of thedetectormainly helpsto
reducetheinef�ciency for � � causedby nuclearreactions.
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Figure2.8: Two full-scaleprototypemodules:
a) readoutwith w.l.s. �br esin returningmode
b) crosssectionthrough�br edetector
c) directreadoutwith threephotomultipliers.

During a two weeksbeamperiodat PSI in July 2003full-scale(400 mm x 500 mm) prototypesof
thetwo light-collectionschemesof interestwerestudied(seeFig.2.8).In additionprototypesfor the
downstreamchargedparticleveto systemandfor the scintillator planesof the pre-radiatordetector
were tested. All measurementswere donewith 500 MeV/c � � . Two xy MWPC's were usedto
determinetheimpactpositionon thescintillator.

In Table2.1 theobservedphotoelectronyieldsarecomparedwith our 2002resultsfor elementswith
dimensions200x 250mm2. As canbeseenfrom thetabledirectreadoutmaygive almosttentimes
morephotoelectronsfor agivenenergy depositthenobservedwith embeddedwavelengthshifting �-
bres.Ournew resultswith full-scaleprototypesindicatethatit shouldbepossibleto reachathreshold
of � 10 keV with a � 5% homogeneityover thedetectorsurface.For this reasondirect readoutwas
chosenin ourpresentdesign(seeFig. 2.9).

The remainingdecisionsareon the detectorthicknessand the type of photomultiplieror possibly
Geiger-modeavalanchephotodiode. As canbe seenfrom Tab. 2.1 3 mm thick countersstill give
200 photoelectronsfor minimum-ionisingparticlesso 1-2 mm thicknessshouldbe suf�cient. Re-
ducing the thicknessresultsin lesssensitivity to neutronsandphotonsand in lessdynamicrange
which in turn improvesthedouble-pulseresolution.Reducingthethicknessalsoreducesthecathode
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Table2.1: Photoelectron (p.e.) yieldsof variouslight collectionschemes.
Scintillator: BC-412byBICRON,photomultipliers: Burle83062E(� 22mm).
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Figure2.9:
Presentdesignof themaincharged-particlevetosystem.
Left: sectorof a crosssectionperpendicularto the beam.
Along thebeamthere wouldbe � 10 moduleswith overlap
to avoiddeadspace.
Right: endcapdetectors.

area required. As a result the
newly-developedGeiger-modepho-
todiodesbecomean interestingal-
ternative to photomultipliers.These
devicesarepresentlyavailablewith
an areaof 3 � 3 mm2 and an ef-
fective ef�ciency (geometrictimes
quantum ef�ciency) around 20%.
Contraryto photomultiplierssignif-
icantimprovementscanbeexpected
in the near future. Advantages
aremuchsmallerdimensions,lower
price (so one can afford more of
them),easeof operationandimmu-
nity to magnetic�eld. Compared
to standardAPD's they do not re-
quire large electronicampli�cation
which makes them both fasterand
lessnoisy.
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3 Particle Physicsat DESY/HERA (H1)

J.Becker, Ilaria Foresti,N. Keller, H. Klehr, J.Kroseberg (until May 2003),
L. Lindfeld, KatharinaMüller, P. Robmann,S.Schmitt,C. Schmitz,U. Straumann,

P. Truöl, M. Urban,NicoleWernerandStefaniaXella Hansen

in collaborationwith:
S. Baumgartner, N. Berger, W. Erdmann,C. Grab,B. List, S. Mangano,D. Meer, A. Scḧoningand
R. Weber, Institut für Teilchenphysik derETH, Zürich; S.Egli, R. Eichler, K. Gabathuler, M. Hilde-
brandt,andR. Horisberger, Paul–Scherrer–Institut,Villigen, and34 institutesoutsideSwitzerland

(H1–Collaboration)

3.1 Electron–proton collisionsat a centreof massenergy up to 320GeV: overall status
of the project

Theanalysisof thedatataken in 1999/2000(L = 91 pb� 1), combinedin somecaseswith thepre–
1999data(L = 50 pb� 1) continuedvigorouslyleadingto 14 publications([1]-[14]) and27 papers
contributedto the2003high–energy physicsconferences[15] ([16]-[42]), addressingthe following
subjects:

- Neutralandchargedelectroweakcurrentcrosssections,protonstructurefunctionsandpartonden-
sities(extensionsinto lower andhigherQ2 regimes,useof QED–Comptonscatteringevents)[3;
16; 17;18;44;45];

- Searchfor statesandinteractionsoutsidethe StandardModel: unexpectedevent topologies[2;
41], compositeness[4], squarks[12], gravitinos [42], leptoquarks[39], single top [7], charged
Higgs [40], anomalousleptonpairs [6; 8], magneticmonopoles[40] andheavy stablecharged
particles[13];

- Photo–andelectro–productionof di– andmulti–jets[2; 9; 10;24;25;27];

- Photo–andelectro–productionof exclusive �nal states:� 0 [14], � [32], J=	 [5; 34], antideute-
rons[13];

- Productionof opencharmandbeauty:anti–charmedbaryonstate[11], inclusive charm[20; 21;
22; 23], inclusivebeauty[26];

- Diffractively produced�nal states:inclusive [28; 29; 30; 31; 36], � 0 [14], jets [27], �; f 0(980);
andf 2(1270) [32], J=	 [5; 34], highpt photons[35];

- Photonstructure[19] anddeeplyvirtual Comptonscattering[37].

3.2 Statusof the HERA accelerator

Sincetheendof theHERA shutdown in September2003thevacuumandbackgroundsituationhas
signi�cantly improved. This wasachieved by the installationof an additionalion getterpump,in-

3. PARTICLE PHYSICSAT DESY
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creasedpumpingpower anda leadshieldaroundthebeampipefor bettersynchrotronradiationpro-
tection.

From January to end of April 2004
HERA–II has continuously delivered
data up to an integratedluminosity of
37.2pb� 1. Theproducedintegratedlu-
minosityasa functionof time is shown
in Fig. 3.1 togetherwith the luminos-
ity recordedwith H1. The slopeof the
curve for 2004 is similar to that in the
year2000with higherspeci�c luminos-
ity but lower duty cycle. Themaximum
instantaneousluminosityachievedup to
endof April was3:5 � 1031 cm2/s. Both
beamintensitiesandspeci�c luminosity
have thusreachedtheHERA-II upgrade
designvalues. However, there is still
roomfor improvementsin thereliability
of varioustechnicalelementsof the ac-
celerators,in order to increasethe duty
cycleof themachine.

Figure3.1:
Left: integrated luminosityproducedby HERA–II as a
functionof time.
Right: integrated luminosityaccumulatedby H1 as a
functionof time.

3.3 Commissioningand �rst operation of the newz–vertex trigger

3.3.1 Repair of the CIP2k fr ontendelectronics

In summer2003we hadthe chanceto accessthe front–endelectronicsof the CIP2k chamberand
repairsomebrokenchannels.After removing theSpaCalcalorimeteranddisconnectingthebeam–
pipetheCIP2kchamberwasretractedby about50cmandthefront–endelectronicswasremovedand
repaired.Boardswhichcouldnotberepairedwerereplaced.Thenew/repairedelectronicswastested
usinga three–stepprocedure:

- Checktheresponseof eachsinglechannelwith aspecialtestboard.

- Connectingto thestandardreadoutandslow controlsystemanddoingpedestalandnoiseruns.

- Connectingeachboardto thestandardreadoutagainafterattachingit to thechamber.

All 40 boardspassedthesetestsand the chamberwas put back in place. A secondcooling ring
wasinstalled,andtheheatconductionimproved, in orderto prevent the front–endelectronicsfrom
over–heating.

3.3.2 Performanceof the newz±vertex trigger

Sincethe synchrotronradiationbackgroundincreasedwith the upgradethe quality of the vacuum
in the beampipe degraded,in particularin the backward region (incomingprotondirection)of the
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detector. Thus,backgroundfrom collisionsbetweenprotonsandrestgasnuclei increased.Theseare
observedashadronicshowerscomingfrom thebackwarddirection.

To copewith this higherbackgroundratea deadtime free triggersystemwasdevelopedfor theH1
experimentthatis ableto distinguishbetweenbeambackgroundeventsandtrueepinteractions.This
CIP2k z–vertex trigger recognisesparticle tracks,calculatesa histogramof their origins alongthe
beamaxisandderivesa triggerdecisionby evaluatingthishistogram.

Thesystemhasbeendescribedin detailin earlierannualreports.It is basedonasetof � vecylindrical
multi–wireproportionalchambers(CIP2k)of 2 m lengthand40cmdiameter, with acathodereadout
granularityof 16 in azimuthangle� and120alongthebeamaxis. A total of about8,500channels
areampli�ed, digitisedandsynchronisedto the acceleratorclock (10.4 MHz) immediatelyon the
detector. Theresultingbinarydatais optically transmittedto thetriggerlogic in thecountinghouse.

ThepipelinedH1 triggersystemrequiresa dead
time free calculation of the trigger response,
which hasto be available2.3 � s after the event
occurred.We uselarge FPGAs(APEX20k400)
both for the triggercalculationandfor thestor-
ageof the completebinary datafor later read-
out by thedataacquisitionsystem.Dueto their
embeddedmemorytheseFPGAsarevery well
suited for the implementationof ring buffers
with 32bunchcrossingsfor pipelineddataacqui-
sition storage.Thecompletetriggerandstorage
functionalityfor oneof the16 � –sectors�ts into
two FPGAs. The trigger calculationruns syn-
chronouslywith theacceleratorclock andits la-
tency amountsto 960ns.
Testswith minimumionisingparticleshavebeen
performedafter the repair efforts in summer
2003usingcosmicray muonsin orderto check
the performanceof the system. To ensurethe
correct timing of the data in the pipelinesthe
trigger decisionderived by the trigger system
wascomparedto the resultsof a completesoft-
waresimulationof the triggersystem,basedon
thereadoutof thecorrespondingbunchcrossing.
Furthermorecorrelationsbetweentracksrecog-
nisedin thedrift chamberof theH1 detectorand
trackstriggeredby theCIP2ksystemhave been
studied. The deviation of the vertex position
found by the CIP2k trigger from the vertex po-
sition reconstructedof�ine is shown in Fig. 3.2.
The position resolutionis found to be 16.7 cm
in agreementwith expectations.Thesingletrack
ef�ciency in thetriggeris betterthan95%..

[ cm ]

Figure 3.2: Deviation of the vertex position
foundby the CIP2k trigger from the vertex po-
sition reconstructedof�ine .

Figure 3.3: Rejectionpower of the CIP2k sys-
tem.Shownis thez–vertex positionof all events
includingthebackgroundcomingfromtheback-
ward direction,i.e. negativez values(full line)
and the eventswhich are rejectedby the CIP2k
trigger (dashedline).

First eventstaken in ep collisions, provided by HERA–II sinceOctober2003, were usedto tune
detailsof the behaviour of the CIP2k trigger. An excellent rejectionpower against proton beam
backgroundof the CIP2k trigger systemwasestablishedascanbe seenin Fig. 3.3. Presentlythe
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CIP2ktriggeris routinelyusedto rejectbackgroundeventsandto provideprecisetiming information
in mostH1 physicstrigger combinations.Furtherimprovementsof the performancefor triggering
selectedphysicschannelsareongoing.This new triggersystemwasthethesisprojectof Max Urban
whoreceivedhisPh.D.recently[43].

3.3.3 Reimplementationof the old z±vertex trigger

In addition to the upgradeof the z–vertex trigger we reimplementedthe old readoutandz–vertex
trigger systemparallel to the new system. The new CIP2k trigger �lls a z–vertex histogramby a
projective geometryof � ve readoutlayersat small radii, whereastheold systemusedthetwo layers
of thetwo separatedchambersCIPandCOP(centralouterproportionalchamber).Dueto theroughly
50 cm long lever armbetweenCIP andCOP, theold z–vertex histogramhasa betterresolutionin z
comparedto thenew histogram.Moreover, thelongerleverarmallowsto cutoff verylow momentum
tracksfrom thetrigger. For instance,heavy �a vour triggersusethetrackmultiplicity givenby theold
z–vertex trigger.

The interestingandrarehigh pt (Sec.3.5.3)andchargedcurrent(Sec.3.6.1)eventswith an unde-
tectableneutrinoin the �nal staterely on anef�cient triggeringof missingtransverseenergy in the
detector. Thiscanbeimprovedby thecombinationof informationdeliveredby theold z–vertex trig-
gerandby the liquid argoncalorimeterusingBig Rayspointing from tracksof chargedparticlesto
correspondingareasof thecalorimeter. Thesensitivity of thecalorimeterandthereforetheef�ciency
for triggeringoneventswith smallenergy depositsis limited by thenoisein thecalorimetercells.The
coincidenceof Big Rayspointingto energy depositionsin thecalorimeterallows to lower thethresh-
old valueslocally andthusleadsto highertriggeref�ciencies for eventswith low tranverseenergy.
Both, theold z–vertex triggerandtheBig Raysystem,wereoriginally built by our group(thesesof
S.Eichenberger(1993)andH. P. Beck(1996)).

In order to feedthe readoutof the old CIP with signalsfrom the CIP2k a hardware interfacewas
realisedin 2003. The signalsof the innermosttwo layersof the new CIP2k are de–multiplexed,
shapedandlogically combinedto entertheold receiver cards.After thesignalsarematchedin time
with theCOPsignalstheold z–vertex triggersystemdeliversthetriggerelementsto the�rst trigger
level as it wasbefore2001. The systemis still beingoptimisedwith Linus Lindfeld actingasthe
personmainly responsible.

3.3.4 Steeringof the CIP2k

Duringthe2003summershutdown andthesuccessivetestoperationperiod,theslow controlsoftware
for theCIP2kwasimplementedin PVSS(ProzessVisualisierungs–undSteuerungs–Software).PVSS
is a softwarepackageallowing the ef�cient developmentof control softwarefor complex technical
systems.It featuresa variety of control featureslike alarms,datalogging, redundancy, automatic
reportingandothers. The systemwas chosenby the H1DCM (H1 detectorcontrol management)
projectgroupasthestandardslow controlsoftwarefor H1, it is alsoforeseento beusedin mostLHC
projects.

Thehighvoltagecontrolwasuni�ed for all trackingdetectorsby theH1DCM groupusingPVSS.For
all othercontroltasksof theCIP2kasarethedataacquisitionsystem,thetrigger, thefront–endandthe
temperaturemonitoringa PVSSapplicationwasdevelopedby HannesKlehr. About 60 distinctpa-
rametersfor multiplehardwarecomponentsaremonitoredandadjusted.Thegraphicaluserinterface
allowsquickaccessto all parameters.Proceduresfor standardtasks,e.g.programmingthefront–end
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electronicshave beenimplemented.During the�rst datatakingperiodswith cosmicray muonsand
with electron–protoncollisionstheuserfriendly interfacehelpedoptimisingtheparametersquickly
for anef�cient operation.Theinterfaceis documentedin ausermanual.

3.4 Activities of the Polarimeter group

ThePolarimetergroupatDESYconsistsof membersof H1, HERMES,ZEUSandDESY. Thegroup
is responsiblefor the operationof the HERA–II electronbeampolarimeters(transverseandlongi-
tudinalpolarimeter, TPOL andLPOL). StefanSchmittis actingasthespeaker of this group. Apart
from coordinatingthegroupactivities themainfocusof hiswork in thepolarimetergroup[46] is the
operationof theTPOL andtheanalysisof theTPOL data.Thepolarimetersarebasedon Compton
scatteringof laserlight andtheelectronbeam.ThescatteredComptonphotonsaredetectedin asmall
calorimeter.

TheTPOLis locatedin theHERA tunnelfarfrom spinrotators,wheretheleptonpolarisationis trans-
verse. It measuresthepolarisationby detectingtheenergy andvertical positionof singleCompton
photonsat a rateof 50–100kHz. Thelaserlight is comingfrom a 10 W cw laser. Thecalorimeteris
dividedinto two halvesto give sensitivity to thespatialcoordinate.Theleptonpolarisationis deter-
minedfrom theasymmetryin thespatialcoordinatewhencomparingthecrosssectionfor left– and
right–circularpolarisedlaserlight.

The LPOL is locatedin the HERA tunnelnearthe HERMES experiment,betweena pair of spin
rotatorswherethe leptonpolarisationis longitudinal. Thepolarimetermeasuresthepolarisationby
detectingthe meanenergy of about1000Comptonphotons,scatteredfrom a singlebunchusinga
high–powerpulsedlaserwith arepetitionrateof about100Hz. Theenergy of thephotonsis averaged
becausetheir showersoverlapin thesamecalorimeter. Theleptonpolarisationis determinedby the
asymmetryin themeanenergy whencomparingleft– andright–circularpolarisedlaserlight.

In thesummershutdown 2003a Fabry–Perotcavity wasinstalledneartheexistingLPOL interaction
point. It is fed by a 1W cw laser. Thepower storedinsidethecavity canbeampli�ed by a factorof
5000.Usingthehighphotondensityinsidethecavity, it is possibleto produceComptonphotonsata
rateof 10MHz (theHERA bunchcrossingrate).By recordingtheenergy spectraof thesephotonsthe
singledifferentialcrosssectionis accessibleandthebeampolarisationcanbemeasuredwith ultimate
precision.TheLPOL cavity is still in thephaseof commissioning.

Figure3.4: LeptonpolarisationmeasuredbyLPOLandTPOLduringa typicalHERA�ll.

During2003thetwo leptonpolarimeterswerefully operationalwheneverHERA wasrunning.Figure
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3.4shows theleptonpolarisationmeasuredby LPOL andTPOL duringa typical HERA �ll. Typical
polarisationvaluesreachedby HERA areup to 40%duringluminosityoperation.Thepolarisationis
subjectto constanttuningby the HERA operators.The expectedmaximumpolarisationwith three
spinrotatorsis upto 60%.Themainchallengefor thePolarimetergroupis to getacorrectcalibration
of theabsolutescaleof bothpolarimeters.

3.5 Resultsfr om recentanalyses

3.5.1 Evidencefor a newanti±charmed baryon state

We have observed a narrow resonancein the
D �� p andD � + �p invariantmasscombinationsin
the analysisof deepinelasticscatteringevents
(1 < Q2 < 100 GeV2) recordedbetween
1996 and 2000 (L = 75 pb� 1, 88 % e+ and
12 % e� ) [11]. The resonancehas a mass
of (3099� 3 (stat.)� 5 (syst.))MeV andamea-
suredGaussianwidth of (12� 3 (stat.))MeV,
compatiblewith theexperimentalresolution.We
interprete this new state as an anti–charmed
baryonwith a minimal constituentquark com-
positionof uudd�c, togetherwith its chargecon-
jugate.
Theanalysiswasmotivatedby thefact thatsev-
eral experimentshave recentlyreportedthe ob-
servationof anarrow resonancewith amassnear
1540MeV, decayingto K + n or K 0

s p (see[11]
for references).The latterstatehasbothbaryon
numberandstrangenessof B = S = 1, suchthat
its minimalcompositionin theconstituentquark
modelis uudd�s (pentaquark� + ). Variousmod-
els have beenput forward to explain the nature
of thesestatesandthestructureof themultiplet
thatcontainsthem,many of whichnaturallyalso
call for extensionsinto thecharmsector.
Through the boson–gluonfusion mechanism
stateswith openandhiddencharmareproduced
copiouslyandthemostef�cient way to tagthem
is via thedetectionof theD �� decaychains[47]
D �� ! �D 0� �

s ! K + � � � �
s ;

D � + ! D 0� +
s ! K � � + � +

s :
This signal is easily detectablein the dis-
tribution of the mass difference variable
� M D � = m(K � � s) � m(K � ) (seeFig. 3.5).
The resonanceis observed when combining
D �� ! �D 0� �

s ! K + � � � �
s candidateswith

protons and D � + ! D 0� +
s ! K � � + � +

s
candidateswith anti–protons (see Fig. 3.6).
The resonance is also observed in an
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independentphotoproductiondatasample.Theidenti�cation of protonsandanti–protonsis aidedby
thespeci�c energy lossderivedfrom themeanof theinversesquarerootof thechargecollectedby all
wiresof thecentraldrift chambershowing asignal(� (dE=dx)=(dE=dx) � 8%). Approximatelyhalf
of theeventsin thenarrow peakobservedfor theopposite–chargecombinationsatM (D � p) near3100
MeV arisefrom eitherprotonsor anti–protons.The distribution for the same–charge combinations
K � � + � +

s p andK + � � � �
s �p doesnotshow suchasignal.

Fits to the M (D � p) distribution (oppositecharge combinations)have beencarriedout to evaluate
thepeakposition,width andstatisticalsigni�cance. Assumingthemeasuredwidth to bedominated
by theexperimentalresolution,a Gaussiandistribution is usedfor thesignal,with thepeakposition,
thewidth andthenormalisationasfreeparameters.Thebackgroundis parameterisedwith a power
law. The resultsquotedabove arederived from a �t in the range2950 < M (D � p) < 3600MeV,
andarecomparedwith thedatain Fig. 3.6. Thesignalcontains50:6 � 11:2 events,corresponding
to roughly 1 % of the total D � productionrate in the kinematicregion studied. The systematic
uncertaintyon the massof the peakis 5 MeV, estimatedfrom the reconstructedmassesof known
states,suchastheJ=	 . Theprobabilitythatthebackgrounddistribution�uctuatesto at leastproduce
the signalhasbeenevaluatedto 4 � 10� 8. To arrive at this result the observed numberof events
wascomparedwith backgroundestimatesfor a window spanning3075 < M (D � p) < 3123MeV,
correspondingto � 2� aroundthe peakposition. The total numberof eventsin this interval is 95.
Thebackgroundcontribution estimatedusingthe �t describedabove is 45:0 � 2:8 (stat.) events.A
consistentnumberof backgroundeventsis obtainedwith a parameterisationusinga two–component
backgroundmodel.This modeluseswrongchargeD (K � � � ) combinationsto describenon–charm
relatedbackground,andMonte Carlo generatedeventsfor real D � background.In our publication
several testsaredescribedwhich concernthe particle identi�cation, the possibility for kinematical
re�ectionsfakingsucha signalaswell astheconsistency of differentsubsetsof thedata.Theregion
of M (D � p) in whichthesignalis observedcontainsaricheryield of D � mesonsandexhibitsaharder
protoncandidatemomentumdistribution thanit is thecasefor sidebandsin M (D � p).

3.5.2 InclusiveBeautyproduction

Muons with a relatively large transversemomentumwith
respectto theaxisof thehadronicjet to which they belong,
a distinguishablesecondarydecayvertex or at leasttracks
with a large distanceof closestapproachto the primary
vertex in the event are the signatureswhich are exploited
to measurebeautyproduction. The latter techniquebased
on the longer lifetime of the hadronswith open beauty
was pioneeredin the thesisof J. Kroseberg [49] for the
pre–1997data. Now two analysesare available which
extendthesemethodsto the datataken in 1999/2000.The
�rst comprisesan integratedluminosity of L = 50 pb� 1

and containseventswith at leastone jet with a transverse
momentumpj et

t > 6 GeV andpseudo–rapidityj� j et j < 2:5
and a muon associatedto this jet with p�

t > 2:5 GeV
and � 0:75 < � � < 1:15. Differential jet–muoncross
sectionsare evaluated for the �rst time, namely in the
region of photon virtuality 2 < Q2 < 100 GeV2 and
inelasticity0:1 < y < 0:7. Figures3.7and3.8 illustratethe
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separationtechniqueandgive someof the results.Within the albeit large statisticalandsystematic
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uncertaintiesthe agreementwith
next–to–leadingorder perturba-
tive QCD predictions[53] is sat-
isfactory. The secondanalysis
concentrateson high momentum
transfereventsQ2 > 150 GeV2

and inelasticity 0:1 < y < 0:7
and usessolely the distanceof
closestapproachto the primary
vertex reconstructedfrom tracks
observedin thesilicon vertex de-
tectorto enhancethebeautyfrac-
tion. Beauty, charm and light
quarkcontributionsareseparated
by �tting the observed distribu-
tionsto MonteCarlosimulations.
The data could be divided into
threebins in x andQ2. The re-
sults,expressedastheratiof c�c =
F c�c

2 =F2 and f b�b = F b�b
2 =F2 are

given in Fig. 3.9. Again the
resultsare in satisfactory agree-
ment with theoretical expecta-
tions but also (for charm) with
ZEUSresults.

3.5.3 High pt data fr om HERA II

With the HERA acceleratorcomplex �nally reachingits post–upgradeexpectationit is gratifying
to seethe �rst resultsarriving from datataken early this year. An analysisbasedon an integrated
luminosityof L = 17 pb� 1 of high transversemomentumeventsincluding isolatedleptons,multi–
electronsandlarge missingtransversemomentumhasbeenpreparedfor the springconferencesin
2004[48]. Theanalysismakesuseof thetechniquesdescribedin references[1] and [6]. For example
tendi–electronandtwo tri–electroneventsareobserved,comparedto theStandardModelexpectation
of 15:8 � 1:7 and3:0 � 0:4, respectively. Two electroneventswith missingtransversemomentum
above 25 GeV are observed while the StandardModel (dominatedby real W–bosonproduction)
predicts0.3events.Oneof theseeventsis shown in Fig. 3.10.
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Figure 3.10: An event with an
isolatedelectron, missingtrans-
verse momentumand a promi-
nent hadronic jet observeddur-
ing theHERAII run 2004.
The transversemomentaare 37,
44 and 29 GeV/c for the elec-
tron,themissingneutrinoandthe
hadronic jet, respectively.

3.6 Progressof Z Èurich analysisprojects

3.6.1 High Q2 chargedcurr ent data

In deep–inelasticlepton–protonscatteringprocessesa bosonemittedby the lepton interactswith
particlesinside the proton and causesits dissociation. In the StandardModel of particle physics
theinteractioncanbemediatedby four differentbosons,namelytheelectromagneticallyinteracting
photon,
 , andthethreeweaklyinteractingbosons,Z0, andW � . Two of them,theelectricallyneutral

 andZ0, occurin NeutralCurrent(NC) epinteractionsep ! eX . In NC eventsthescatteredelectron
andasystemof hadronsX form the�nal statethatis observedin thedetector. Throughtheexchange
of thechargedW � bosonChargedCurrent(CC) ep ! � eX interactionsaremediated.Thecrucial
characteristicof CCeventsis theneutrino,� e, in the�nal statewhichcannotbedetectedwith theH1
detector. However, themissingtransversemomentumcanbemeasured.It is themainobservablefor
theselectionof CCevents.

An importantfeatureof CCinteractionsis thatthey areof weaknatureexclusively. Thechargeof the
W bosonaswell asits sensitivity to thepartonhelicitiesmakeCCinteractionsparticularlywell suited
to studypartondistributionsandweakinteractionswithin theStandardModel. Theu– andd–quark
densitiesaredirectly accessiblein e� p ! � eX ande+ p ! �� eX scattering,respectively. Thelongi-
tudinally polarisedleptonbeamwhich is now availablefor HERA–II (seeSec.3.4) providesa new
opportunityto testtheweaksectorof theStandardModel. In CC interactionsa positively polarised
incomingpositronresultsin a right handedantineutrino.Dueto angularmomentumconservationthe
negatively polarisedpositronswould have to resultin left handedanti–neutrinoswhich do not exist
in the StandardModel. Thus, the CC crosssectionis expectedto vanishfor negatively polarised
positrons.Crosssectionmeasurementswith longitudinallypolarisedpositronsin combinationwith
themeasurementwithoutpolarisationcoulddemonstratetheexpectedlineardependenceonpolarisa-
tion. A measuredsigni�cant discrepancy from thispredictionwouldbeasignfor new physicsbeyond
theStandardModel.

During the upgradephasefor HERA–II a new H1 software environmentH1OO basedon object
orientedprogrammingin C++ wasdesignedandimplemented.Themaingoalof this sophisticated
changefrom alreadyestablishedFORTRAN software tools to new software is to provide a mod-
ern and extendableframework with standardisedphysics algorithmsthat can be incorporatedand
supportedby all H1 physicsanalyses.The new chargedcurrentmeasurementpresentedin the re-
centthesis[44] of Nicole Wernerusesthis new framework. Anothersigni�cant changewith respect
to former measurementsis that it is basedon reprocesseddata,i.e. datawith improved track and
vertex reconstruction.Figure3.11shows themeasurementof thesingledifferentialchargedcurrent
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cross section as function of the four mo-
mentum transfer squared Q2. The re-
sults are compared to the Standard Model
prediction and to the published H1 mea-
surement [3] using the same data sample
of 1999/2000data, correspondingto an inte-
gratedluminosity of 65.25 pb� 1. The results
of both measurementsare found to be in good
agreement.Due to improvementsof the vertex
reconstructionandabettersimulationof thepar-
tondistributionsthenew resultseemstobebetter
describedby theStandardModelprediction.
The comparisonwith the earlier measurement
basedontheold FORTRAN environmentis avi-
tal crosscheckof whetherboth analysisframe-
works are consistentwith eachother. More-
over, thedevelopmentof theprogrammingcode
for thenew measurementwasa crucialprepara-
tion for themeasurementof thechargedcurrent
crosssectionwith longitudinally polarisedlep-
tons. First resultsof the crosssectionmeasure-
mentbasedon 15.3pb� 1 of new HERA–II data
with positively polarisedpositronsareshown in
Fig. 3.12 [54]. Despiteof its limited statistics
theresultis in goodagreementwith theStandard
Modelprediction.A measurementfor negatively
polarisedpositronsis ongoing.

3.6.2 Isolatedhigh±pT � leptons

Considerableprogresshasbeenmadethis last
year in the analysisof isolated,high–pT � lep-
tons in eventswith missingtransversemomen-
tum.
Recently Stefania Xella, together with col-
leaguespreparedthe�rst preliminaryresultsfor
thespringconferences[55]. This analysisis the
�rst H1 analysison � leptonsandit is avery im-
portantparallelresultto thepreviousH1publica-
tionson electronandmuon�nal stateswherean
excesswith respectto the total StandardModel
expectationwasobservedathigh transversemo-
mentumof the event pT

X (de�ned as the total
transversemomentumof theeventexcludingthe
transversemomentumof the� candidate).

Figure3.11: TheCC crosssectionasa function
of Q2. Thenew measurementbasedon thenew
object oriented programming framework (cir-
cles)is comparedto theH1 publicationbasedon
the FORTRANframework (squares)and to the
Standard Modelprediction.
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Thecurrentresults,for timereasons,arebasedonasimple� identi�cation algorithm,exploiting only
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oneof thevariousvariableswhichcharacterise� jets,namelythejet radiusor energy weightedradius
of all cellsin the� jet candidate.The�nal � identi�cation procedure(to beusedfor publicationlater
on in theyear)will bemostprobablybasedonamulti–variableanalysis,exploiting fully thedifferent
shapesof � andQCD(background)jets,bothlongitudinallyandtransversely, andwill provideabetter
signaloverbackgroundratio.

At thecurrentstageof theanalysis,H1 doesnot
seeany signi�cant excessof datawith respectto
the StandardModel expectationin the isolated,
high–pT � lepton analysis,in contrastto what
hasbeenseenin theelectronandmuonchannel
and in the ZEUS analysiswith � leptons. No
eventsareselectedon the110pb� 1 datasample
in the region of pT

X > 25 GeV with an expec-
tation of 0.53eventsfrom StandardModel pro-
cesses.Thedistribution for thewholepT

X range
is shown in Fig. 3.13wherethenumberof data
selectedby all cutsis 5 for aStandardModelex-
pectationof 5.81. In the �gure the anomalous
top productionis alsoshown scaledto an arbi-
trary numberin orderto clearly indicatethe re-
gion in pT

X whereit would be. Anomaloustop
productionhas beenconsideredas one of the
possibleexplanationsfor the excessat high pT

X
observedin theelectronandmuonchannel.Sta-
tistical andsystematicerrorsarecurrentlybeing
investigated,but conservatively shouldrangebe-
tween20–30%. This meansthat the total num-
berof eventsobservedis lessthana sigmaaway
from theexpectation.

Figure3.13:pT
X of theeventsselectedbytheiso-

latedhigh–pT � analysis.In grey is theexpected
distribution for anomaloustop productionpro-
cess,consideredasoneof thepossibleinterpre-
tations for the excessobservedin the electron
andmuonchannel(histogramfor topproduction
is scaledto anarbitrary number)

3.6.3 Prompt photon production

High energy epcollisionsatHERA aredominatedby electronscatteringat smallangleswith aquasi
realphotoninteractingwith theproton(
 p collisions).Theseinteractionscanalsoleadto theemission
of photons- socalledpromptphotons- from thehardQCDprocess,whichmakesthemsensitiveboth
to the partonicstructureof the protonand the photon. Thoughthe crosssectionis very low, this
measurementhastheadvantagethatno correctionsdueto hadronisationor fragmentationprocesses
arenecessary.

The promptphotonanalysisusesthe full integratedluminosity of 133 pb� 1 from the years96–00.
Promptphotonsareidenti�ed in theH1 liquid argoncalorimeter(LAR) by acompactelectromagnetic
clusterwith transverseenergy 5 GeV< E 


T < 10GeVin thepseudo–rapidityregion � 1 < � 
 < 0:9.
No trackis allowedto point to thecandidate.Themainexperimentaldif�culty is theseparationfrom
hadronicbackground.Thesignalfrom neutralmesons(� 0 or � 0) athighenergiesis verysimilarto the
signalof aphotonsincethedecayphotonscannotberesolvedin thecalorimeter. Theneutralmesons
are predominantlyproducedin jets. Thereforean isolation requirementis appliedto the photon
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candidate:Thetransverseenergy in aconeof radiusonein the(� ; � )–planearoundthecandidatehas
to be lessthan0:1 � E 


T . This cut reducesalsohigherorderprocessessuchaseventswith a photon
radiatedoff theoutgoingquark. Eventswith an identi�ed electronareremoved. Furthermorea cut
on the inelasticityy = 1 � E 0

e=Ee is appliedto remove backgroundfrom DIS eventswith a badly
measuredscatteredelectron.Therangeof y (0:2 < y < 0:7) correspondsto a 
 � p centreof mass
energy of 142< W < 266GeV.

After all selectioncuts the backgroundis still
of the samesize as the signal. The signal is
extractedby a detailedanalysisof the shower
shape.
The results on the inclusive measurementof
the prompt photoncrosssectionas a function
of transverseenergy and pseudo–rapiditywere
shown atEPS03[15; 19]. Themeasurementwas
now extendedto events with an isolatedpho-
ton anda hadronicjet in the kinematicalrange
E j et

T > 4:5 GeV, � 1 < � j et < 2:3. Theshape
of theinclusivecrosssectionasafunctionof E 


T
and � 
 is well describedby LO PYTHIA sim-
ulation but the MC normalisationis 30% low.
The NLO–QCD calculationdescribesthe data
well with a tendency to overshootthe data at
large � 
 . Crosssectionsfor a prompt photon
anda jet areshown in Fig. 3.14asa functionof
E 


T ; � 
 ; E J et
T ; � J et; x 
 and xp, the energy frac-

tion, pseudo–rapidityandBjorken–x of thepar-
ton in theprotonandthephoton,respectively.
The resultscanbe comparedwith the PYTHIA
MonteCarloanda NLO–QCDcalculation.The
NLO correctionsare signi�cant at low xp and
low x 
 , thusaffectingmainly the resolvedpho-
ton. Multiple interactionsareaccountedfor in
NLO calculationsby correctionsasexpectedby
PYTHIA simulations. The data are well de-
scribedby theNLO calculation.Theresultsare
currentlybeing�nalised for publication.
The measurementwill be extendedinto the re-
gion of high ET photonsandhigh � 
 (forward
region). At high E 


T the photonsignal in the
calorimeteris hardly distinguishablefrom the
neutralmesons.Thereforethebackgroundrejec-
tion entirely relieson simulations.This aswell
as the extensionin the forward region requires
additionalstudieson the detectordescriptionin
thesimulation.
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Figure 3.14: Cross sectionfor prompt photon
eventswith an additional jet as a function of
E 


T , � 
 , E J et
T , � J et, x 
 and xp. The result

is compared to LO Monte Carlo (dashed)and
NLO(full) calculation.Thedottedline showsthe
NLO calculationcorrectedfor multiple interac-
tionsasdeterminedwith PYTHIAsimulation.

A new analysishasstarted(PhDThesisCarstenSchmitz)whichmeasuresthephotoncontentof jets.
The goal is to identify photonsinsidea hadronjet andmeasurethe photonicenergy fractionof the
jet. This allows to determinethe quark–to–photonfragmentationwhich is not yet measuredin the
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kinematicregimeof HERA andcannotbeestimatedby QCDcalculationsdueto its non–perturbative
component.Theresultwill beneededfor thesimulationof physicsprocessesatLHC. Theanalysisis
verychallengingbecauseof thephotonidenti�cation whichis hamperedby thehadronicenvironment
in thejet andby misidenti�cationof neutralmesons.

3.6.4 QED Compton Scattering

QED Comptoneventsareepscatteringeventswith a hardphotonradiatedoff thescatteredelectron.
The4–momentumtransfer(Q2) is verylow, hencetheseeventsprobetheregionof verylow Q2 where
perturbativeQCDmodelsarenotvalid anymoreandphenomenologicalmodelshave to betested.

The aim of the analysisis to measurethe differentialcrosssectionof the QED Comptonprocess.
This canbe usedto determinethe structurefunction F2 at low Q2, the transitionregion between
deep–inelasticscatteringandrealphotoproduction,whichwassofarnotaccessiblewith HERA data.

A further motivation is an experimentaltestof the so calledcollinearapproximation.It is usedby
several authorsto calculatethe QED Comptoncrosssection. The approachneglectsthe transverse
momentumof theexchangedphotonandtreatsthephotonasa partonof theprotonwith a structure
functiondescribingthephoton–partoncontentof theproton.

- Eventsignature:
Both the outgoingleptonandthe photonaredetectedin the backward region (wrt the p–beam
direction)of theH1 detectoralmostback–to–backin azimuth.Themaindif�culty of theanalysis
is the lepton–photonidenti�cation. Roughly50% of the photonsconvert beforethey reachthe
backward calorimeter(Spacal)and the backward drift chamber(BDC) becauseall the readout
cablesandmostof the readoutelectronicsof the centraltrackingchambersaresituatedin the
backward area. The identi�cation of photonsandpositronsthereforerelieson centraltracking
chambers,namelyon thebackwardsilicon detector(BST) in the inner region of theSpacaland
thecentralinnerproportionalchamber(CIP)in theouterregion. Thehadronic�nal stateisboosted
in theforwarddirectionandcanonly bemeasuredfor inelasticevents,which impliesthatthereis
no well determinedeventvertex for mostof theevents. Thereforea vertex reconstructionusing
thesignalsof thescatteredleptonin theBST, CIP andBST wasusedfor all events.Theanalysis
is basedonadatasamplerecordedin 1997with a luminosityof roughly9 pb� 1.

- Background:
Severalclassesof eventscanmimic QEDCevents,their in�uence on thecrosssectionmeasure-
mentwasstudied.Electron–positronpair production,which is oneof thedominantbackground
sourcesis suppressedby a cut on the total energy in the Spacaland the photon–leptonidenti-
�cation. Photoproductioneventswith the scatteredleptonescapingthroughthe beam–pipecan
mimic a QEDC event if several hadronicparticlespoint into the backward region. Oneof the
mostsigni�cant contributionsaftertheanalysiscutsareDIS eventswith abackwardgoinghadron
(typically a� 0) fakingaphoton.Theseeventsweresuppressedby acutontheangulardistribution
of thehadrons.Deeplyvirtual Comptonscattering,a diffractive process,hasthesame�nal state
particlesasQEDComptonscatteringandcannotbeseparated.Its contributionis subtracted,using
MC events.

MC studiesshowedthatthebackgroundis well suppressedby thecutson thetotal Spacalenergy
anda maximumangleof clustersin the liquid argoncalorimeter. The remainingcontribution is
estimatedby MC studies.
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The measurementon the structurefunction
determinedwith QEDC eventswas shown
at the2003conferences[15; 18]. Themea-
surementgivesaccessto thekinematicrange
down to Q2 = 0.1 GeV2 (Fig. 3.15)which
wasnot coveredby inclusive measurements
at HERA. It is in goodagreementwith �x ed
targetdata.
NicolasKeller hascontributed in his thesis
work to thisQEDCanalysisandrecentlyre-
ceivedhisPh.D.[45].
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4 High-pr ecisionCP-violation Physicsat LHCb

R.Bernet,R.P.Bernhard,Y.Ermoline,J.Gassner, St.Heule,F.Lehner, C.Lois,M.Needham,
M.Siegler, P.Sievers,O.Steinkamp,U.Straumann,A.Vollhardt,D.Volyanskyy

in collaborationwith:
thesilicon trackinggroupof LHCb: Universityof Lausanne;Max PlanckInstitute,Heidelberg, Ger-
many; University of Santiagode Compostela,Spain; Budker Institute for NuclearPhysics (INP),
Novosibirsk,RussiaandUkrainianAcademyof Sciences,Kiev, Ukraine.

Thefull LHCb collaborationconsistsof 51 institutesfrom Brazil, China,Finland,France,Germany,
Italy, TheNetherlands,Poland,Romania,Russia,Spain,Switzerland,Ukraine,andtheUnitedKing-
dom.

(LHCb)

Themaingoalof theLHCb experimentis to performsystematicmeasurementsof CPviolating pro-
cessesandraredecaysin theB mesonsystems,with unprecedentedprecision.MeasuringCPviola-
tion in many differentdecaymodesof B0

d andB0
s mesonsandcomparingtheresultswith predictions

from theStandardModelof particlephysics,theexperimentwill alsosearchfor new physicsbeyond
the StandardModel. Our groupconcentrateson the development,construction,operationanddata
analysisof theLHCb SiliconTrackeraswell asonphysicsanalyses.

4.1 The LHCb experiment

The LHCb experiment[1] hasbeendesignedto exploit the large bb productioncrosssectionat
theLargeHadronCollider (LHC) at CERNin orderto performa wide rangeof precisionstudiesof
CPviolatingphenomenaandraredecaysin theB mesonsystems.Theexperimentwill useamoderate
luminosityof 2 � 5 � 1032cm� 2s� 1 andwill befully operationalat thestartupof theLHC, which is
foreseenfor 2007.

In particular, thecopiousproductionof B0
s mesons,combinedwith theuniqueparticle-identi�cation

capabilitiesof theLHCb detector, will permit theexperimentto performsensitive measurementsof
CP violating asymmetriesin a variety of decaychannelsthat are beyond the reachof the current
generationof CP-violationexperiments.

Sincetheproductionof bquarksin proton-protoncollisionsatLHC is stronglypeakedtowardssmall
polarangleswith respectto thebeamaxis, the LHCb detectoris layedout asa single-armforward
spectrometer. Its acceptanceextendsout to 300mrad in the horizontalbendingplaneof the 4Tm
dipole magnetandto 250mradin the vertical plane. The forward acceptanceof the experimentis
limited by theLHC beampipethatpassesthroughthedetectorandfollows a 10mradconepointing
backto thep-p interactionregion.

In 2002,theLHCb collaborationdecidedto revisethelayoutof theLHCb detectorin general,andof
thetrackingsystemin particular. Thegoalof thisrevisionwasto furtherimprovethephysicspotential
of theexperimentby reducingthematerialbudgetof thedetectorandby improving theperformance
of theLevel-1 trigger. A largepartof theyear2003wasdedicatedto studyingthephysicspotential
of the reviseddetectorandto working out the technicaldesignof the reviseddetectorcomponents.
Theresultsof theseefforts aresummarisedin theso-called“LHCb re-optimiseddetectorTechnical
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Figure4.1: Vertical crosssectionthroughtherevisedLHCbdetector.

DesignReport” [2] that wassubmittedto the CERN LHCC committeein September2003. It was
well receivedby thecommitteeandhasbeenrecommendedfor approval.

A verticalcut throughtherevisedLHCb detectoris shown in Fig. 4.1. Thetrackingsystemconsists
of four planartrackingstations(TT andT1-T3), complementedby theVertex Detector(VELO) that
surroundsthep-p interactionregion.

4.2 Silicon tracker

Our group has taken a leadingrôle in the development,productionand operationof the Silicon
Tracker. The Silicon Tracker project is led by U. StraumannandO. Steinkamp(deputy). It con-
sistsof two detectorsthat both employ silicon microstriptechnologybut differ in importantdetails
of the technicaldesign:TheInnerTracker coversthe innermostregion aroundthebeam-pipein the
threelargetrackingstationsT1-T3downstreamof thespectrometermagnet;theTriggerTracker(TT)
is locatedupstreamof thespectrometermagnetandcoversthefull acceptanceof theexperiment.

The technicaldesignof the Inner Tracker is describedin the Inner Tracker TechnicalDesignRe-
port [3]. After thesubmissionof the InnerTracker TDR in November2002,a large fractionof our
efforts over theyear2003wastakenup by designwork andR&D for theTT station.Theresulting
technicaldesignof theTT stationis describedin Chapter5, written by O. Steinkamp,of the“LHCb
re-optimiseddetectorTDR” [2] andin a subsequenttechnicalnote[4]. Furthermore,our groupis
responsiblefor thedevelopmentof theopticaldigital readoutlink for InnerTracker andTT station.
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A full prototypelink using�nal componentshasbeensetup andtestedin the laboratory. Several
irradiationtestsof critical componentshavebeencarriedoutduringthelastyear.

4.3 TT station

The Trigger Tracker (TT station)ful�lls a two-fold purpose:First, it will be usedin the Level-1
trigger to assigntransverse-momentuminformation to large-impactparametertracks. Secondly, it
will beusedin theof�ine analysisto reconstructthetrajectoriesof low-momentumparticlesthatare
bentoutof theacceptanceof theexperimentbeforereachingtrackingstationsT1-T3.

TheTT stationconsistsof four detectionlayers.Its ac-
tiveareais approximately160cmwideand130cmhigh
andwill be coveredentirely by silicon micro-stripde-
tectors.The layoutof a detectionlayer is illustratedin
Fig. 4.2. Theareasabove andbelow thebeampipeare
eachcoveredby a singleseven-sensorlong silicon lad-
der, the areasto the left and to the right of the beam
pipearecoveredby sevenor eightstaggered14-sensor
long ladders. Electronically, eachladder is split into
several readoutsectors,indicatedby differentshadings
in Fig. 4.2. All readoutelectronicsandassociatedme-
chanicsarelocatedat the top endor thebottomendof
a ladder, outsideof the acceptanceof the experiment.
The inner readoutsectorsareconnectedto their read-
out electronicsvia approximately39cm long Kapton
interconnectcables. An isometricdrawing of the ba-
sic detectorunit, consistingof seven silicon sensors,a
Kaptoninterconnect,andtwo staggeredfront-endread-
out hybrids, is shown in Fig. 4.3. The 14-sensorlong
laddersthat cover the areasto the left andto the right
of the beampipe areassembledfrom two suchdetec-
tor units thatarejoined togetherat their ends.A read-
outstrippitchof 183� m will beemployedeverywhere.
In simulationstudies,M. Needhamhasdemonstrated
thatthis layoutprovidesadequatespatialresolutionand
acceptablylow detectoroccupancies.For four detec-
tion layers,theTT stationemploys 896silicon sensors,
arrangedin 128 modulesand 256 readoutsectors. It
coversa total sensitive areaof approximately8m2 and
counts131kreadoutchannels.
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Figure4.2: Layoutof onedetectionlayer
of theTT station.Readoutsectors are in-
dicatedbydifferentshading.

Figure 4.3: Drawing of a silicon mod-
ule, consistingof sevensilicon sensors,a
Kaptoninterconnectcableand two stag-
gered readout hybrids attached at one
endof themodule.

A substantialR&D effort hasbeencarriedout in ourgroupin orderto validatethis layoutanddevelop
themechanicaldesignof thelongdetectormodulesandof thestationframes.

Key issuesin our R&D effort have beentheoptimisationof silicon sensorsandthedesignof thein-
terconnectcables.Thelong readoutstripsandinterconnectcablesemployedin theTT stationresult
in expectedloadcapacitancesof upto 55pFat theinputof thefront-endreadoutampli�er. In orderto
maintainsuf�ciently high signal-to-noiseratiosfor full particledetectionef�ciency, thicker sensors
have to be usedfor the TT stationthanfor the shorterladdersof the Inner Tracker. Several proto-
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Figure4.4:
Manualprobe-station.

Figure 4.5: Readouthybrid with
Beetle1.2chips.

Figure4.6:
Laserteststand.

typeladderswereconstructedfrom 320� m, 410� m and500� m thick silicon sensors.Beforebeing
assembledinto ladders,all sensorswerecharacterisedby C.Lois,usingmanual(seeFig. 4.4)andau-
tomaticprobe-stationsin our laboratory[5]. Eachprototypeladderconsistedof threesilicon sensors
bondedin series,for a total readoutstrip lengthof approximately30cm. All ladderswereequipped
with a prototypeversionof theLHCb front-endreadoutchip, calledBeetle1.2. A photographof a
front-endreadouthybrid carryingthreeBeetle1.2 chipsandbondedto oneof theprototypeladders
is shown in Fig. 4.5.

Initial testson theprototypeladderswereperformedin aninfra-redlaserteststand[6] thathasbeen
set up in our laboratoryby P.Bernhard,St.Heuleand A.Vollhardt. A photographof the setupis
shown in Fig. 4.6. It employs a focussed1064nm laserbeamto generatechargesat well-de�ned
locationsin thesilicon bulk andpermittedsystematicstudiesof signalpulseshapesasa functionof
variousoperationparametersof thedetectorandof thelocationof thechargedeposition.A detailed
descriptionof thesetupandtheresultsobtainedin thelasertestsis givenin [6].

Furthermeasurementswerethenperformedat the X7 test-beamfacility at CERN, in collaboration
with our colleaguesfrom LausanneandHeidelberg. Theanalysisof the collecteddatawascoordi-
natedby M.Needham.A detaileddescriptionof thetest-beamsetupandtheobtainedresultsis given
in [7]. As shown in Fig. 4.7, for all prototypeladdersa signi�cant dropof thechargecollectionef�-
ciency wasobservedin thecentralregionin betweentwo readoutstrips.Theeffectwasobservedboth
in the lasersetupandin the test-beamandcon�rmed an earlierresultfrom measurementson Inner
Trackerprototypeladders[3]. It wasalsoreproducedin a detectorsimulationdevelopedby St.Heule
aspartof hisDiplomathesisin ourgroup[8]. It is mainlyattributedto a lossof chargecarriersat the
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boundarybetweenthesiliconbulk andthesiliconoxidelayerin betweenthetwo readoutstrips.
For the ladderbuilt from 320� m thick silicon sensors,this charge loss led to a signi�cant lossof
particledetectionef�ciency in thecentralregion in betweentwo strips.For theladdersusing410� m
and500� m thick silicon sensorsa particledetectionef�ciency in accessof 99.8%wasmaintained
over thefull interstripgap. Readoutstripsin theTT stationwill beslightly longerthanthoseon the
prototypeladdersandin orderto ensurea robustoperationof thedetectorit wasdecidedto employ
500� m thick siliconsensorsfor theTT station.
Low-massinterconnectcablesof approximately39cmin lengthwill beemployedin orderto connect
the inner readoutsectorson a ladderto their front-endreadouthybrid. The designof thesecables

Figure 4.8: Isometric drawing of one
half of theTT station.

is theresonsibilityof J.Gassner. Severalprototypecables
weredevelopedin collaborationwith the company Dy-
conex, Bassersdorf,andcharacterisedin our laboratory.
A prototypeladderhasthenbeenconstructedconsisting
of three500� m thick siliconsensors,a39cmlonginter-
connectcableanda readouthybrid carryingthreeBee-
tle 1.2 chips. Laboratorymeasurementson this proto-
type ladder, usingthe infra-redlasersetup,areongoing
andshow promisingresults.Furthertestson this proto-
type ladderwill be performedin a test-beamat CERN
laterthis year.
The mechanicaldesign of the silicon laddersfor the
TT stationandof thestationframesis advancingwell, in
closecollaborationwith theengineersandthemechani-
cal workshopat thePhysik-Institut. An isometricdraw-
ing of asiliconmoduleis shown in Fig.4.3,adrawing of
onehalf of theTT stationis shown in Fig. 4.8.
Theproductionof thecompleteTT station,includingall
siliconmodulesandstationmechanicsis theresponsibil-
ity of our group. Thepreparationof productionandtest
facilities hasstartedunderthe supervisionof F.Lehner,
a detailedproductionplan andquality assuranceproce-
duresarebeingde�ned.

4.4 Optical readoutlink

TheBeetlefront-endchipsamplesdetectordataat theLHC bunchcrossingfrequency of 40MHz and
storestheanalogdatafor the latency of theLevel-0 trigger. At a triggeraccept,theanalogdataare
multiplexed,readout, digitisedandtransmittedto theLHCb electronicsbarrack.Here,thedataare
processedandtransmittedto thehigher-level triggersandthedataacquisitionsystem.

TheL0 Triggeroperatingatamaximumacceptrateof 1.1MHz, up to 2.6Tbit/sof digitiseddetector
datahaveto betransmittedfor theSiliconTracker. A low-costdigital opticallink usingcommercially
availablecomponentsis beingdevelopedfor this purposeby A.Vollhardt aspart of his PhD thesis
work in ourgroup.A full prototypelink using�nal componentshasbeensetupandis working in the
laboratory[9]. Similar developmentsareunderway for otherLHCb subsystemsandtheformationof
acommonworkinggrouphasbeeninitiatedby A.Vollhardt.Heorganizesregulargroupmeetings,in
which commonsolutionsarediscussedandtheselectionof commercialcomponentsis coordinated.

4. HIGH-PRECISIONCP-VIOLATION PHYSICSAT LHCB
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Somecomponentsof thereadoutlink arelocatedcloseto thedetector, whereanaccumulatedradiation
doseof up to 10kRad is expectedafter ten yearsof LHCb operationat nominal luminosity. All
relevant componentshave beenradiationquali�ed by A.Vollhardt andY.Ermolinein total ionizing
doseirradiationcampaignsatPSIandin aneutronirradiationat theProsperonuclearreactoratCEA
Valduc,France[10].

First componentsof theLow-Voltagesupplysystemfor theSilicon Tracker have beenreceivedand
characterised[11] by A.VollhardtandA.Gafner, thelatterworkingin ourgroupasatechnicalstudent.

4.5 Event simulation

Thegrouphasplayedamajorpartin simulationstudiesof theLHCb trackingsystemperformancethat
weredescribedin theLHCb reoptimizeddetectorTDR [2]. In particular, M.Needhamhasshown that
theproposeddetectordesignleadsto high trackingef�ciency, low ghost-ratesandgoodmomentum
resolution. In additionthe proposeddesignhasbeenshown to be robust in the casethe simulation
of thedetectoris overly optimistic.For theforthcomingLHCb datachallenge(DC '04) M.Needham
hasprovidedsoftwareto encodeanddecodethedatain the format that it is expectedto comefrom
thedetector.

4.6 Physicsstudies

In preparationfor Physicsdatataking the grouphasrecentlystartedto work on physicssimulation
studies. Suchstudiesare important in order to understandthe CP reachof LHCb, to investigate
possiblesourcesof systematicuncertaintyandto optimizetheperformanceof thetrigger. In thearea
of Bs decayswhich arebeyondthereachof thecurrentgenerationof B factoriesLHCb will make a
large impact. Therefore,we have chosento studythedecaymodeB s ! J= � 0. This decaymode
canbeusedto measuretheCKM angle,� via a timedependentCPasymmetrymeasurement.A high
precisionmeasurementof this angleis an importantcheckof the standardmodel [12]. Under the
supervisionof M.Needhamandaspartof hisPh.D.thesiswork in ourgroup,D.Volyanskyy currently
works to develop an analysisfor this decaymodeandto determinethe annualexpectedyield and
signal-to-backgroundratio. Thesenumberswill thenbeusedto investigatethephysicssensistivity of
LHCb for thisdecaymode.In April 2004,M.Regli will join thisprojectasaDiplomastudent.

4.7 Summary and outlook

R&D anddesignwork for theTT stationof theLHCb SiliconTrackerhasbeenthemajoroccupation
of our groupover the last year. Successfulprototypetestshave beenperformedin the laboratory
andin test-beamsanda mechanicaldesignof the stationhasbeendeveloped. Preparationsfor the
productionof thedetectorareongoing,apre-seriesproductionis scheduledto begin in Autumn2004,
seriesproductionwill commencebeginningof 2005. Thedetectoris foreseenbe installedandfully
commissionedbeforethestartupof LHC, foreseenfor 2007.

Thedigital opticalreadoutlink is operationalin thelaboratoryandall relevantcomponentshavebeen
radiationquali�ed.

In preparationfor Physicsdatataking,thegrouphasstartedto work on simulationstudies,studying
the decaymodeBs ! J= � 0. Thesestudieswill continueover the next yearsandwill permit the
groupto build upexperiencefor Physicsanalyses.



42 Physik-Institut der Universität Zürich
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5 The DØ experimentat the Tevatron p�p collider: Search for rar e
decaysof Bs-mesonsand a newsilicon detector layer

Ralf BernhardandFrankLehner

Thefull DØ collaborationconsistsof 80 institutesfrom 18countries:Argentina(1), Brazil (3), China
(1), CzechRepublic(3), Colombia(1), Ecuador(1), France(7), Germany (6), India (3), Ireland(1),
Korea(1), Mexico (1), Netherlands(3), Russia(5), Sweden(4), UnitedKingdom(3), UnitedStates
of America(35)andVietnam(1)

(DØ Collaboration)

Until LHC at CERNstartsits operationin 2007theTevatronat theFermiNationalAcceleratorLab-
oratory, Batavia, USA, is the world's highestenergy acceleratorwith an available centerof mass
energy of 2 TeV. The so-calledRun II of the p�p collider hasstartedin 2001 and addressessome
of the most importantquestionsin particlephysics. The mostrecentphysicsresultsinvolve direct
searchesfor asyetunknown particlesandforces,includingboththosepredictedor expected(like the
Higgsbosonandsupersymmetry)andthosethatwould comeasa surprise.Otherimportantaspects
of thisprogrammeareprecisemeasurementsof thetopquarkpropertiesandnew accuratedetermina-
tionsof themassof theW bosonandthecouplingsof theelectroweakbosons.Moreover, numerous
measurementsof variousB mesondecaymodeshave alreadyallowedtheinvestigationof B meson
propertiesthat arenot accessibleat othercollidersaswell assearchesfor CP-violatingeffects. A
recentoverview of thelatestB physicsresultsfrom DØ is presentedin [1].

Becauseof the tantalizingphysicsprospectsa high integratedluminosity run will bring, a second
phaseof Tevatronrunning,thatwill cover theyears2006until 2009,is presentlybeingprepared.The
innermostlayerof silicon detectorssituatedcloseto thebeampipewill be replaced[2] sinceit will
suffer from theharshradiationenvironmentandmight loseef�ciency.

After the DØ detectorbecamefully operationalfor Run II andabout300pb� 1 of p�p collision data
havebeentakenuntil now, westartedwith ourphysicsanalysisprogrammeof rareB s decaysearches.
Thestudyof theBs mesonis uniqueto hadroncolliderssincetheparticlecannotbeproducedat the
�(4 S) resonanceat which e+ e� B -Factorieslike BaBar and Belle are running. So far we have
focusedon the �a vor-changingneutralcurrentdecayB s ! � + � � , which is forbiddenat treelevel.
This decaychannelis a very cleanandattractive probefor physicsbeyondtheStandardModel (SM)
sinceit hasaverysmallSM branchingratioof 3:5� 10� 9 andmany supersymmetricextensionsof the
SM could enhanceit signi�cantly [3]. Especiallyat high tan � any modelwith an extendedHiggs
sectorleadsto rateswhichmayalreadynow beobservableat theTevatron.

So far, we have analyzedabout180 pb� 1 of DØ dataandoptimizedthe event selectionin the in-
variantmassregionsnext to thesignalregion (the“box”) which hasbeenleft to avoid any bias(see
Figure5.1).Weexpect7.3� 1:3 backgroundeventsin theboxwhichcorrespondsto anupperlimit of
1 � 10� 6 at 95%con�dencelevel assumingno signal[4], almosta factorthreelower thantheRunI
limit of CDF [5].

Our plan is to openthesignalbox for theICHEPconferencein August2004. By thenwe will have
doubledthe statisticswhich will start to constrainthe parameterspaceof certainsupersymmetric
modelsathigh tan � .
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Figure 5.1: � + � � invariant mass
distribution aroundtheregion of in-
terest. The latter has not yet been
lookedat.
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We are also involved in the constructionof the new DØ silicon detectorlayer which will be put
in operationin 2005. We have worked on the speci�cations,the designandthe quality assurance
proceduresfor thesiliconsensorswhichhavebeenorderedby now [6]. In additionwehavedesigned
a long low-masscablewith a very �ne pitch to routethe analogsignalsfrom the innermostsilicon
detectorlayerto thereadoutelectronics.Togetherwith theSwisscompany Dyconex [7] severalcable
prototypesweredevelopedandcharacterized.Theproductionof thosecableshasjust started.

[1] RecentResultsfrom B Physicsat DØ , talk presentedby F. Lehnerat the XII International
WorkshoponDeepInelasticScattering,DIS 2004,StrbskePleso,Slovakia,April 14-18,2004.

[2] TheDØ RunIIb silicondetectorcollaboration:DØ RunIIb silicondetectorupgrade, Technical
DesignReport,
http://d0server1.fnal.gov/projects/run2b/Silicon/www/smt2b/Layer00/l0html.

[3] A. Dedes,H. DreinerandU. Nierste,Phys.Rev. Lett. 87, 251804,2001.
[4] R. BernhardandF. Lehner: Sensitivityanalysisof the rare decayB s ! � + � � with the DØ

detector, DØ note4377.
[5] F. Abeetal. [CDF Collaboration],Phys.Rev. D 57, 3811(1998).
[6] A. Beanet al., Silicon SensorQuality Assurancefor the DØ RunIIb Silicon Detector: Proce-

duresandEquipment, DØ note4120,
seealsohttp://www.physik.unizh.ch/ ~lehnerf/dzero/run2b.html .

[7] Dyconex advancedcircuit technologies,Zurich,Switzerland.
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6 Particle Physicswith CMS at LHC

C. Amsler, V. Chiochia,A. Dorokhov, C. Hörmann,K. Proko�ev, H. Pruys,
C. Regenfus,P. Robmann,T. Speer, andS.Steiner

in collaborationwith:
ETH-Zürich,PaulScherrerInstitut (PSI),UniversiẗatBaselandtheCMSCollaboration.

(CMSCollaboration)

During2003ourgroupcontinuedto designandtestthepixel sensorsandreadoutchipsfor theinner-
mostvertex detectorof theCMSexperiment.Wearealsoinvolvedin thechargedparticlereconstruc-
tion softwareandtheworkshopof our instituteis developingthesupportstructureandservicetube
for thepixel detector.

The CMS (CompactMuon Solenoid)at the Large HadronCollider (LHC) will start operatingat
CERNin 2007. Our groupwill concentrateon physicsinvolving theb- andt-quarksquark,e.g. b-
quarkproductionassociatedwith theformationof Higgsbosons.ThemostinterestingeventsatLHC
will containoneor severalb-jetsoriginatingfrom thedecayof B mesons,with typical decaylengths
of a few mm. To allow for ef�cient taggingof B mesonsamongthelargebackgroundof light quark
andgluonjets,thedetectionsystemhasto tracebackparticlestowardstheprimaryvertex. Thesilicon
pixel detectorwearedevelopingis theclosestdetectorto theinteractionpoint,locatedonly 4 cmfrom
the beam-beaminteractionpoint. The ex-
tremely high particle �ux nearthe primary
vertex (� 1000 particlesevery 25 ns) re-
quires the innermosttracking layers to be
composedof pixel devicesdelivering3D co-
ordinateswith high resolutionandno ambi-
guity.
The barrel pixel detectorconsistsof three
concentriccylindrical layers, 53 cm long
with radii of 4.4,7.3 and10.2cm. The lay-
erscontainsome3� 107 silicon pixels. The
pixel modulesconsist of thin, segmented
sensorplates with highly integrated read-
out chipsconnectedby indium bumpbonds
(Fig. 6.1). The�nal pixel sizewill be100�
150� m2. The analoguesignals are read
out to determinethe coordinatesmore ac-
curately, using charge sharingbetweenad-
jacentpixels.

Figure6.1: Schematicview of a pixel detectorele-
ment.Each sensorpixel is connectedthroughan in-
diumsolderbumpto a pixel unit cell on thereadout
chip which ampli�es and processesthe signal. The
data are stored on the edge of the chip where they
wait for trigger con�rmation.

6.1 Developmentof pixel sensors

The CMS pixel sensorsaremanufacturedusingthe “n-on-n” techniqueconsistingof n+ -structures
on n-bulk silicon. This allows thepartially depletedoperationof highly irradiatedsensorsafter type
inversion,but alsorequiresinter-pixel isolation. Two isolationtechniqueswereconsideredfor our
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Figure 6.2: Someof our favorite de-
signs for the pixel sensors. Open p-
stop rings (a and c), p-stop crosses
(d) and p-spray with bias grid (b).

Figure 6.3: Top and side views of the
beamtelescope.

Figure6.4: Beamtelescopesetup.

latestprototypes:p-spray[1], for which a uniform av-
eragedoseof p-impurities (� 1012 cm� 2) covers the
wholestructuredsurface,andp-stoprings(� 1013 impu-
rities cm� 2) which surroundthen+ -implants(Fig. 6.2).
Possible failures of the pixel bump-bondsrequire a
methodto evacuatethe charge. This is achieved with
a biasgrid andpunch-throughstructuresfor thep-spray
detectorsandby openingsin theringsfor thep-stopde-
tectors.
Testmeasurementswereperformedin theH2 beamline
of the CERN SPSin Juneand September2003 using
150-225GeV pions.Thetestdevicescontained22� 32
pixelswith a total sensitive areaof 2:75� 4 mm2, anda
thicknessof 280 � m. The readoutpitch wasstill of the
old design,125 � m � 125 � m. Someof thesedevices
hadbeenpreviously irradiatedin a 24 GeV protonbeam
at theCERNPS.Thesensorsreceivedtotal particle�u-
encesof 3:3 � 1014 neq=cm2, 8:1 � 1014 neq=cm2 and
1:1 � 1015 neq=cm2. They werebump bondedto non-
irradiatedreadoutchipsof theDMILL type.
Thehit coordinatesin thepixel detectorweredetermined
accuratelywith our silicon referencetelescope[2]. The
beamtelescopeconsistedof 4 modules,eachwith two
orthogonal300� m thick single-sidedsilicon detectors
(32� 30mm2) with astrippitchof 25 � m andareadout
pitch of 50 � m. Theresultingintrinsic resolutionof the
beamtelescopewasaround� = 1 � m.
Thepixel sensorwith the readoutchip wasmountedon
arotatingsupportpositionedbetweenthesecondandthe
third module(Figs. 6.3 and6.4). A trigger signalwas
generatedby a PIN diode. The dataacquisitionsystem
and slow control (temperatureand bias voltage) were
written in LabView andLabWindows CVI (NationalIn-
struments)runningonaPC.Theanalogsignalsweredig-
itized in a VME basedreadoutsystemby FADCs. The
setupwaslocatedin anopen3 T Helmholtzmagnetwith
magnetic�eld parallel to the beam. The pixel sensors
werecooledwith watercooledPeltierelements.Similar
measurementswereperformedearlierbyourgroup[3; 4]
but irradiatedsensorscouldnotbetestedreliablybecause
they werenot cooleddown to the � 10� C foreseenfor
theCMS tracker. A moredetaileddiscussionof the lat-
estbeamtestresultscanbefoundin ref. [8].

6. PARTICLE PHYSICSWITH CMSAT LHC
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Figure6.5: Lorentzanglemeasurement
with thegrazinganglemethod.
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Figure 6.6: De�ection of the drifting
charge in a 3 T magnetic�eld.

200 300 400 500 600 700 800 900200 300 400 500 600 700 800 900

0

10

20

30

40

50

60

)mm direction  (yPosition along 

)
m

m
 d

ire
ct

io
n 

(
x

D
ef

le
ct

io
n 

al
on

g 
 

=450Vb, V2/cmeq n1410¥=8F=3T, B

=150V b, V2/cmeq=0 nF=0T, B

=150Vb, V2/cmeq=0 nF=3T, B

Figure 6.7: De�ection of the collected
charge as a function of the y-position.
Thesolid line is the�t.
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Figure6.8: Lorentzangleas a function
of bias voltage for a magnetic �eld ex-
trapolatedto 4 T.

6.1.1 Lor entzanglemeasurements

The Lorentzanglewasobtainedby the direct measure-
mentof the charge drift in the magnetic�eld usingthe
grazinganglemethod [4]. The pion beamwhich was
in directionof themagnetic�eld enteredthesensorsur-
faceat a shallow angle � = 15� (Fig. 6.5). The de-
positedchargedrifts accordingto thecombinedelectric
andmagneticforces,resultingin a de�ection of thepar-
ticle trackprojectionon thesurfaceby theangle� from
which theLorentzangle� L couldbeobtained.Thede-
�ection observed at 3 T magnetic�eld is illustratedin
Fig. 6.6for thenon-irradiatedp-spraysensor.
Theangle� wasmeasuredby slicing thehistogramper-
pendicularlyto they-axis. Thex positionof thecharge
centeris shown in Fig. 6.7 asa function of y. A mea-
surementwithout magnetic�eld is usedto correct for
detectormisalignmentwith respectto thebeam(bottom
line). For theirradiateddevicetherearetwo regionswith
differentslopes,andhencetwo differentLorentzangles.
This behaviour can be explainedby the non-linearbe-
haviour of theelectric�eld in theirradiateddevices(see
next section).Sincemostof thesignalchargeis collected
fromtheregioncloseto thepixel implant,thisregionwas
usedto determinetheLorentzangle.
Figure6.8 shows the measuredLorentzanglesfor non-
irradiatedandirradiatedsensors,extrapolatedto 4 T. One
observesastrongdependenceof theLorentzangleonthe
biaselectric �eld, which is weakly affectedby irradia-
tion anddoesnot dependstronglyon sensordesign.For
thenon-irradiatedsensorsa Lorentzangleof 26� canbe
reachedat a biasvoltageof 100V, while irradiatedsen-
sorshave to be operatedat muchhigherbiasvoltages,
wherethe Lorentzangledropsto roughly 10� . Our re-
sultsarein a goodagreementwith othermeasurements
andsimulations[5].

6.1.2 Chargecollection in irradiated sensors

Following irradiation, the amountof collectedcharge
decreasesdue to charge trappingand partial depletion
of the sensor. Measurementsof the charge collection
ef�ciency asa functionof sensordepthwereperformed
usingthegrazinganglemethod,this time with magnetic
�eld off. The charge collected in non-irradiatedand
irradiatedp-spraysensorsasafunctionof depthis shown
in Fig. 6.9. In the non-irradiatedsensorthe charge is
collecteduniformly acrossthewholesensordepth,while



48 Physik-Institut der Universität Zürich

the irradiated devices ex-
hibit a different behaviour.
At low biasvoltagescharge
is also collected from the
side opposite to the pixel
implants which could in-
dicate that the depletion
startsfrom bothsidesof the
detector, due to the non-
linearbehaviour of theelec-
tric �eld. The fraction of
collectedcharge for differ-
ent designsand irradiation
dosesis shown in Fig. 6.10
asafunctionof biasvoltage.
Charge collection also de-
pends on the position of
theincidentparticlewith re-
spect to the pixel implant
sincethegapsbetweenpix-
els have a reducedsensitiv-
ity. Theaveragechargecol-
lectedis shown in Fig. 6.11
asa functionof positionfor
non-irradiated and irradi-
atedsensors.Thesignal-to-
noise ratio decreasesfrom
65 to 35 after irradiation.
Thus the CMS pixel detec-
tor will operateup to the
maximumexpectedirradia-
tion dose.Notethatthearea
with reducedcharge collec-
tion betweenpixelsis larger
for thep-stopdesign.
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Figure 6.9: Charge collected
for differentbiasvoltages.
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Figure 6.10: Total collected
charge normalized to non-
irr adiateddevice.
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Figure6.11:Distributionof chargecollectedin thepixels.
Thetopplotsshowthenon-irradiatedp-spray (a) andp-stopde-
signs(c), thebottomplotstherespectiveirr adiatedsensors.

6.2 Developmentof the pixel readoutchip

Wecollaboratewith PSIin thedesignof thereadoutchip(ROC)[6]. Theprototype(PSI46)in quarter
micron technologyDSM (DeepSubMicron) wassubmittedanddeliveredby the manufacturerin
2003.Thepreviouschipshadbeenprocessedin radiationhardDMILL technology. DSM technology
is awell known standardprocess,signi�cantly cheaperthanDMILL whichwasespeciallydeveloped
for radiationharddevices. However, DSM designscanalsobe radiationhard. We expecta better
yield with DSM thanwith DMILL and, indeed,the preliminaryyield is 80% for DSM, compared
with 20%for our previousDMILL chips(PSI43).Power consumptionis alsolower in DSM which
requiresonly half of the supplyvoltageandhalf of the current,hencea quarterof the total power
consumption.

6. PARTICLE PHYSICSWITH CMSAT LHC
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Figure6.12:
Eventreadoutstructureof PSI46(seetext).

Figure6.13:Testbeamsetup.
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Figure6.14: Data lossmeasuredwith testpi-
ons.

DSM technologyalso offers new possibilitiesin
designingchipsandimproving theirperformances.
Thereare� vemetallayersavailablefor routingin-
steadof only two, andthesmallestfeaturesizeis
0.25� m, comparedto 0.8 � m for DMILL. Hence
more complex circuits can be designedto cope
with the updatedrequirementsat LHC: the three
layersof pixel detectorswill now be operatedat
high luminosity, including the innermostat 4 cm
from theinteractionvertex. In DMILL technology,
however, we would have anunacceptablefraction
of lostdata.
The wafer submittedto the manufacturerin 2003
containedfour versionsof the ROC which dif-
fer essentiallyin the power decouplingscheme
(to minimize crosstalk andthereforeallow lower
comparatorthresholds)andthetotal areaof metal
insulatormetalcapacitors.Testcircuits for inter-
nal measurementsat pointsthatarenot accessible
in theROCwerealsoforeseenin thewafer. In par-
ticular, we designeda circuit to investigatesingle
eventupsets,seebelow.
The analogreadoutof the ROC wastestedin the
laboratory(Fig. 6.12). The �rst threecycles are
usedfor the header, the next two for the double
column addressand the following three for the
pixel addresses.The addressesare codedby six
analoglevels which areclearly distinguishablein
Fig. 6.12.Thelastcycle is theanalogpulseheight.
The cyclesfor the addressof the doublecolumn,
thepixel addressandthepulseheightarerepeated
for eachhit. Thereadoutfrequency is 40MHz.
TheROCwastestedonthe300MeV/c � E1 beam-
line at PSI. One of the goalswas to investigate
the data loss under LHC equivalent intensities.
Thebeamintensityvariedup to 8� 107 pions/cm2

which correspondsto the expectedtrack density
at CMS for themiddle layerof thepixel detector.
Theexperimentallayoutis shown in Fig.6.13.The
triggersignalwasgeneratedby scintillatorsandre-
ducedto 10kHz by coincidencewith the random
signalof a radioactivesource.TheROCwasoper-
atedwith asynchronized40MHz frequency which
correspondsto the bunch crossingfrequency at
LHC.
The inef�ciency versus �uence is shown in
Fig. 6.14. The dataloss of PSI46(2.5 % at the
maximumluminosity) is aboutan order of mag-
nitudesmallerthanthat of PSI43,but still some-
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whathigherthanexpected.Hencethetranslationof theROC from DMILL to DSM wassuccessful
andthenew chip is muchmoreperformant.Someminor improvementsare,however, still necessary.

Singleeventupsets(SEU)occurduringhigh energy depositsin a smallsensitive volumeof theelec-
tronicscircuit, leadingto unwantedbit �ips. SEUeventsaredueto hadronicinteractionswith nuclei
on the lattice. This is a known problem,e.g. in spaceapplications,which hasalsoto be taken se-
riously at LHC. SEU is moredangerousin DSM technologydueto smallernodecapacities,faster
circuitsandlowersupplyvoltages,andis aseriousproblemfor detectorcontrolfunctions.For exam-
ple,theanalogconvertervaluesandtrimbits for thethresholdsarestoredin memorycells. In orderto
dealwith theSEUs,onehasto reloadpermanentlythestoragecells,which causesunnecessarydata
traf�c.
In our measurementswe investigated the effects
of capacitorsas protectionsagainst SEUs. The
SEU teststructuresdesignedin DSM technology
consistedof shift registersprotectedby capacitors.
Theshift registerswere�lled with 1 or 0 andread
out every 5 minutesto countthe �ipped bits. The
crosssectionsfor bit �ips areshown in �gure 6.15
as a function of supply voltage. The crosssec-
tionsfor SEUareroughlytwo ordersof magnitude
smallerwith protectivecapacitor.
Anotherinterestingresultis theasymmetryin the
probabilitiesfor 1 to 0 �ips and0 to 1 �ips. The
ratioof probabilities0 ! 1=1 ! 0 is about120.
Figure6.16shows thespatialdistributionof SEUs
after 160 readoutsof 5 minuteseach,at a supply
voltageof 1.5V. Theupperrow shows thespatial
distribution of SEUsin the unprotectedshift reg-
istersandthelower row shows thedistribution for
theprotectedcells.
By histogrammingthenumberof SEUsaftereach
readoutone obtainsa Poissondistribution. This
is a hint for independentsingle pixel upsetsand
no clusterisationof SEUs.Theratio of SEUcross
sectionsfor � + /� � is 1.6.Theratiofor � + /p (� 5)
wasalsomeasuredusing500MeV/c protons.This
is animportantmeasurementsincemostinvestiga-
tions for spaceapplicationswere donewith pro-
tons.

6.3 Event reconstructionsoftware

Wearedevelopingtechniquesto reconstructthein-
teractionvertex in CMSwithin theobject-oriented
reconstructionframework (ORCA). After having
implementedin ORCA a single-vertex �t algo-
rithm using the Kalman�lter formalism(seelast
year's annualreport and ref. [7]), we are now
developingan algorithmbasedon a the so-called
Gaussiansum�lter .
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Figure6.15:SEUcrosssectionsfor 300MeV/c
� + on theSEUteststructuresfor varioussup-
ply voltages.

0

2

4

6

8

10

12

14

16

0 2 4 6 8 10 12 14
0

5

10

15

20

25

30

shift reg 0 (nocap) sum SEU: 3471shift reg 0 (nocap) sum

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

0 2 4 6 8 10 12 14
0

5

10

15

20

25

30

shift reg 1 (cap) sum SEU: 59shift reg 1 (cap) sum

0

2

4

6

8

10

12

14

16

0 2 4 6 8 10 12 14
0

5

10

15

20

25

30

shift reg 3 (nocap) sum SEU: 3897shift reg 3 (nocap) sum

0

0.5

1

1.5

2

2.5

3

0 2 4 6 8 10 12 14
0

5

10

15

20

25

30

shift reg 4 (cap) sum SEU: 96shift reg 4 (cap) sum

 SEU 0 to1  (1.5 V)


Figure6.16: Accumulatedspatialdistribution
of SEUsafter160readoutsfor four shift regis-
ters in parallel. Theupperrow showsthedis-
tributionof twounprotectedshift registersand
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Figure6.17: Pull of the reconstructedver-
tex x-coordinate.

Figure6.18: � 2-probabilitydistribution for
theKalman�lter .

Figure6.19: Pull of the reconstructedver-
tex x-coordinate.

The usual vertex reconstructionalgorithm is the
Kalman �lter basedon a leastsquareminimization,
which henceassumesthat the track measuringer-
rors follow a normal distribution. However, a non-
Gaussiannoise (due e.g. to � -electrons)is always
present. One method that takes non-Gaussianef-
fectsinto accountis theGaussian-sum�lter (GSF)in
which the measurementerrorsaremodeledby a su-
perpositionof several (mostly two) Gaussianswhich
we shall referto ascomponents. It is a non-lineares-
timator, in which the weightsof the componentsde-
pendon themeasurements.
In an iterative procedure,the estimateof the vertex
is updatedwith one track at the time. The vertex
consistsof several solutionscalculatedwith all pos-
sible componentsof the tracks. When one track is
addedto the vertex, eachsolution for the vertex is
combinedwith eachcomponentof thenew track,us-
ing the Kalman �lter . The �nal vertex estimateis
then calculatedas the weightedaverageof all solu-
tions. Sincethenumberof solutionsincreasesexpo-
nentially, it hasto belimited to anacceptablenumber.
This is achievedby mergingsolutionswhichareclose
enough.
To investigatetheperformanceof asuchanalgorithm
we madea simulationusingverticesleadingto four-
tracks. No track reconstructionwas performedbut
track parameterswere smearedaccordingto a two-
componentGaussianmodel. Thecomponentmodel-
ing the non-Gaussiantails had a standarddeviation
ten timeslarger thanthatof thecorecomponentand
their relativeweightswere9:1.
For a �t with the Kalman �lter , for which only
onecomponentis used,the distributionsof the ver-
tex pulls (differencebetweensimulatedand recon-
structedvaluesdivided by the measurementerror)
show a Gaussiancore with tails (Fig. 6.17) and a
large fraction of the �tted eventshave a very small
� 2-probability(Fig. 6.18).
In theGSFmethodthetwo componentsareused,each
with thecorrectweightandvariance.Thepulls have
a resolutioncloserto unity when�tted with a Gaus-
sian,the tails vanish(Fig. 6.19)andthe peakat low
� 2 disappears(Fig.6.20).This indicatesthattheerror
estimatesand componentweights were reasonable.
Theseencouragingtestsdemonstratethepowerof the
algorithm and its ef�ciency in the presenceof non-
Gaussiannoise.
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We arealsodevelopinga kinematic�t using the Lagrange
multiplier methodwhich incorporatesadditionalconstraints
into thevertex �t. Additional constraintssuchasmassesof
decayingparticles,energy andmomentumconservation,will
improvetheresolution.A furtherconstraintof interestwould
requirethe momentumof the reconstructedB mesonto be
parallel to the vectorpointing from the primary to the sec-
ondaryvertex (pointingconstraint).
As an example, consider the decay B s ! J= � !
K + K � � + � � . The invariant massof the four tracksafter
thevertex �t but without any additionalconstraintis shown
in Fig. 6.21. Thedistribution hasa Gaussianwidth of about
40MeV andtheaveragemassis displacedby some13MeV
comparedto thetablevalue.This is dueto thelargeerroron
themuonmomentummeasurementin theCMSdetector.
However, the invariant massdistribution becomessignif-
icantly narrower and correctly centeredwhen the four-
momentumof thetwo-muonsystemis constrainedto match
the J= mass(Fig. 6.22). This constraintis applicabledue
to theverysmallwidth of theJ= comparedto themeasure-
mentuncertaintiesof typically 10MeV.

[1] R. H. Richteretal., Nucl.Instr.Meth.A 377(1996)412.
[2] C. Amsleretal., Nucl.Instr.Meth.A 480(2002)501.
[3] R. Kaufmann,PhDThesis,UniversiẗatZürich,2001.
[4] B. Henrichand R. Kaufmann,Nucl.Instr.Meth.A 477

(2002)304.
[5] V. Bartschetal., Nucl.Instr.Meth.A 478(2002)330.

V. Bartschetal., Nucl.Instr.Meth.A 497(2003)389.
[6] M. Barberoetal., Nucl.Instr.Meth.(inprint).
[7] R. Frühwirth, K. Proko�ev, T. Speer, P. Vanlaerand

W. Waltenberger, Nucl.Instr.Meth.A 502(2003)699.
[8] A. Dorokhov et al., to appearin Nucl.Instr.Meth.A

preprintphysics/ 0311050;
T. Rohe et al., submittedto IEEE-TNS 7, preprint
physics/ 0312009.

Figure 6.20: � 2-probability distri-
bution for theGSF(seetext).

Figure6.21:
K + K � � + � � invariant mass in
Bs ! J= � ! K + K � � + � �

withoutJ= massconstraint.

Figure6.22:
Distribution as in Fig.6.21but with
J= massconstraint.
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7 Superconductivity and Magnetism

M. Angst(till November2003),M. Bruun(till November2003),D. Di Castro,
D.G.Eshchenko, H. Keller, R. Khasanov, S.Kohout,M. Mali (till November2003),

J.Roos,A. Shengelaya,S.Strässle(sinceMai 2003),
M. Eremin(visiting scientist),V.A. Ivanshin(visiting scientist),B. Kochelaev (visiting scientist),

T. Schneider(Titularprofessor),andK.A. Müller (Honorarprofessor)

in collaborationwith:
ETH Zürich(K. Conder, J.Karpinski),PaulScherrerInstitute(PSI)(E.Morenzoni),IBM Rüschlikon
ResearchLaboratory(J.G.Bednorz),Universit́e deGen�eve (Ø. Fischer),Universityof Birmingham
(E.M. Forgan),Universityof St.Andrews(S.L.Lee),Universityof Rome(A. Bianconi),KazanState
University(A. Dooglav, M.V. Eremin,B.I. Kochelaev), Universityof Belgrade(I.M. Savi ć), Institute
of Low TemperatureandStructureResearch,PolishAcademyof Sciences,Wroclaw (P.W. Klamut),
Instituteof Physics,PolishAcademyof Sciences,Warsaw (R. Puzniak,A. Wisniewski), University
of Tokyo (K. Kishio, T. Sasagawa,H. Takagi),NorthernIllinois University, DeKalb(B. Dabrowski).

Our last yearsresearchactivities wereagain aimedat the fundamentalphysical propertiesof non-
conventionalsuperconductorssuchascupratehigh-temperaturesuperconductors(HTS) andmagne-
siumdiboride(MgB2).

A main focuswasput on the role of the electron-phononinteractionin the basicphysicsof these
systemsby investigating the effectsof isotopesubstitutionandhydrostaticpressureon the relevant
superconductingparameters.Furthermore,new aspectsrelatedto charge inhomogeneityasa pos-
sible intrinsic propertyof the novel superconductorswere explored by studying�nite-size effects
and signaturesof an electronicphaseseparation.Applying the combinationof microscopictech-
niques[muon-spinrotation(conventional� SRandlow energy LE� SR),nuclearmagneticresonance
(NMR), nuclearquadrupoleresonance(NQR),electron paramagneticresonance(EPR)] andbulk-
typemeasurements[SQUID andtorquemagnetometry, resistivity] provedto beof greatadvantagein
our investigations,whicharedescribedin moredetail in thefollowing.

7.1 Studiesof isotopeeffectsin novel superconductors

7.1.1 Dir ect observation of the oxygenisotopeeffect on the magnetic �eld penetration depth
in optimally dopedYBa2Cu3O7� �

A directwayto exploretheroleof theelectron-phononinteractionin HTSis to investigatetheisotope
effect on the in-planepenetrationdepth� ab [1; 2; 3]. We usedthe advantagesof the low-energy
� SR (LE� SR) technique,developedrecentlyat the Paul ScherrerInstitute(PSI) [4], for the direct
measurementof theoxygenisotope(16O/18O) effect (OIE) on � ab in optimallydopedYBa2Cu3O7� �

�lms [5]. Theprincipleof � determinationby usingLE� SRis shown schematicallyin Fig. 7.1.Low-
energy muonsof tuneableenergy canbeimplantedatadifferentandcontrollabledepthz beneaththe
surfaceof thesuperconductorin theMeissnerstate.Dueto therandomnatureof themuonscattering
process,the implantationdepthsaredistributedover a nanometerscale,andthe implantationdepth
pro�le n(z) dependson themuonenergy [Fig. 7.1(a)].Knowing thevalueof themeanimplantation
depthz themagnitudeof thelocal �eld B (z) is obtainedfrom themuonspinprecessionfrequency.
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Figure7.1:
(a) Theprinciple of � determinationusingLE� SR.By tun-
ing theenergyE of theincidentmuonsthey are implantedat
controllabledistancesz beneaththesurfaceof thesupercon-
ductorin theMeissnerstate. Thelocal magnetic�eld B (z) is
determinedfromthemuonprecessionfrequencyusing� SR.
(b) Schematicdistributionof thescreeningcurrentJ in a thin
anisotropic superconductingslab of thickness2t in a mag-
netic�eld appliedparallel to the�at surface.

Figure 7.2: Magnetic �eld penetration pro�les B (z) on a
logarithmic scale for an 16O substituted(red circles) and
an 18O substituted(blue circles) YBa2Cu3O7� � �lm mea-
sured in the Meissnerstateat 4K and an external �eld of
9.2mT, appliedparallel to thesurfaceof the �lm. Thedata
are shownfor implantationenergies 3, 6, 10, 16, 22, and
29keVstartingfromthesurfaceof thesample. Solidcurves
arebest�ts byEq.(7.1).

The measurementsof the in-plane
magneticpenetrationdepth� ab were
performedona600nmthick epitax-
ial YBa2Cu3O7� � �lm in theMeiss-
nerstate.A weakexternalmagnetic
�eld of 9.2mT was applied paral-
lel to the �lm surfaceafter cooling
in zero magnetic�eld from a tem-
peratureabove Tc to 4K. In this ge-
ometry(the thicknessof thesample
is negligible in comparisonwith the
width), currents�o wing in the ab-
planesdeterminethe magnetic�eld
pro�le along the crystal c-axis in-
sidethe�lm [seeFig. 7.1(b)]. Spin-
polarizedmuonswere implantedat
a depthrangingfrom 20-150nm be-
neaththesurfaceof the�lm by vary-
ing theenergy of theincidentmuons
from 3 to 30keV. The muon im-
plantationdepthpro�le n(z) for the
given implantationenergy was cal-
culatedusingtheMonte-Carlocode
TRIM.SP[6]. The reliability of the
calculatedn(z) was demonstrated
by previousLE� SRexperimentson
thin metallayers[7].
For eachimplantationenergy theav-
eragevalueof the magnetic�eld B
andthecorrespondingaveragevalue
of the stoppingdistancez wereex-
tracted. The value of B was taken
from the �t of the � SR time spec-
trum assuminga Gaussianrelax-
ation function. The valueof z was
takenasthe�rst momentof theem-
ulatedn(z) distribution. Resultsof
this analysisfor the 16O and 18O
substitutedYBa2Cu3O7� � �lms are
shown in Fig. 7.2. The datapoints
for the 18O �lm are systematically
lower than thosefor the 16O �lm,
showing that 16� ab < 18� ab. The
solid linesrepresenta �t to theB (z)
databy thefunction:

B (z) = B0
cosh[(t � z)=� ab]

cosh(t=� ab)
;

(7.1)
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whereB (0) is the �eld at the surfaceof the superconductor, and2t is the �lm thickness. Fits of
Eq. (7.1) to theextracted16B (z) and18B (z) yield 16� ab(4K ) = 151:8(1:1) nm and18� ab(4K ) =
155:8(1:0) nm. Taking into accountan 18O contentof 95%, the relative shift was found to be
� � ab=� ab = 2:8(1:0)% at4K.

To con�rm thattheobservedOIE on� ab is intrinsic,additionalmeasurementsof theMeissnerfraction
in �ne powdersampleswith anaveragegrainsizecompatibleto � ab wereperformed.Analyzingthe
datausingtheproceduredescribedin Ref. [1] gives� � ab=� ab = 2:7(1:0)%, in agreementwith the
LE� SRresults.It waspointedout[1; 2; 3; 5] thattheOIE on� ab arisesmainlyfrom theoxygen-mass
dependenceof thein-planeeffective massm �

ab. Therefore,our �nding impliesthatevenin optimally
dopedHTS for which only a small isotopeeffect on Tc is observed, the supercarriersarestrongly
coupledto thelattice.

[1] G.M. Zhaoetal., Nature(London)385, 236(1997).
[2] J.Hoferetal., Phys.Rev. Lett. 84, 4192(2000).
[3] R. Khasanov etal., J.Phys.: CondensMatter15, L17 (2003).
[4] E. Morenzonietal., J.Appl. Phys.81, 3340(1997).
[5] R. Khasanov etal., Phys.Rev. Lett. 92, 057602(2004).
[6] W. Eckstein,ComputerSimulationsof Ion-SolidInteractions(Springer-Verlag,Berlin, 1992).
[7] E. Morenzonietal., Nucl. Instrum.MethodsB, 192, 254(2002).

7.1.2 Site-selectiveoxygenisotopeeffecton the penetration depth in Y0:6Pr0:4Ba2Cu3O7� �

The observation of an OIE on � ab in HTS in-
dicatesan unusual(e.g., non-adiabatic)cou-
pling of the electronsto phonon modes in-
volving the movement of the isotope sub-
stituted atoms. It is important to identify
the relevant phonon modes responsiblefor
this effect. This can be achieved by inves-
tigating the site-selective oxygen-isotopeef-
fect (SOIE). We usedtransverse-�eld � SR to
study the SOIE on Tc and � ab in underdoped
Y0:6Pr0:4Ba2Cu3O7� � powdersamples[1].

In order to prepare oxygen site-selective
samples a two-step exchange process was
applied [2]. The following site-selective
samples were prepared: 16Opac, 18Opac,
16O18

p Oac, and 18O16
p Oac where indexes p,

a and c denoteplanar (within CuO2 planes),
apical and chain oxygen, respectively. The
site-selectivity of the oxygen exchangewas
checked by Raman spectroscopy con�rming
that the site-selective oxygen substitution is
almostcompletein all the samples.The � SR
measurementswereperformedat PSIusingthe

Figure7.3:
Temperature dependenceof the depolarization
rate in site-selectiveY0:6Pr0:4Ba2Cu3O7� � sam-
ples(200mT, FC). Thesolid lines correspondto
�ts to thepowerlaw � (T)=� (0) = 1 � (T=Tc)n

for the16Opac and18Opac samples.



56 Physik-Institut der Universität Zürich

� M3 beamline. The sampleswerecooledfrom far above Tc in a magnetic�eld of 200mT. In a
highly anisotropiclayeredsuperconductorthe in-planepenetrationdepth� ab canbeextractedfrom
themuon-spindepolarizationrate� (T) / 1=� 2

ab whichprobesthesecondmomentof theprobability
distribution of the local magnetic�eld function p(B ) in the mixed state[3]. The depolarization
rate � wasextractedfrom the � SR time spectrausinga Gaussianrelaxationfunction. Figure7.3
shows thetemperaturedependenceof � for thefour Y0:6Pr0:4Ba2Cu3O7� � site-selective samples.It
is evidentthata remarkableoxygenisotopeshift of Tc aswell asof � ab is present.More importantly,
thedatapointsof thesite-selective 16O18

p Oac (18O16
p Oac) samplescoincidewith thoseof the 16Opac

(18Opac) samples.Therefore,our resultsshow unambiguouslythat the OIE on both the transition
temperatureTc andthe in-planemagneticpenetrationdepth� ab comesfrom the oxygenwithin the
superconductingCuO2 planesand not from the apical and chain oxygen. Noting that the lattice
parametersremainessentiallyunaffectedby theisotopesubstitution[4], ourresultsshow theexistence
of astrongcouplingof theelectronicsubsystemto phononmodesinvolving movementsof theoxygen
atomsin the CuO2 plane,while suggestingthat modesinvolving apicalandchainoxygenare less
stronglycoupledto theelectrons.

[1] R. Khasanov etal., Phys.Rev. B 68, 220506(2003).
[2] K. Conder, Mater. Sci.Eng.R32, 41 (2001).
[3] P. Zimmermannetal., Phys.Rev. B 52, 541(1995).
[4] F. Raffaetal., Phys.Rev. Lett. 81, 5912(1998).

7.1.3 Finite-sizeand oxygenisotopeeffect in
Y0:6Pr0:4Ba2Cu3O7� �

Only in the ideal casesuperconductorscan be
consideredashomogenous.For HTSthereis in-
creasingevidencethatinhomogeneityis evenan
intrinsic property. Supposethat HTS aregran-
ular, consistingof spatial superconductingdo-
mains,embeddedin a non-superconductingma-
trix andwith spatialextentL a, L b andL c along
the crystallographica, b and c-axes. The cor-
relationlength� i in directioni , which increases
stronglywhenTc is approached,cannotgrow be-
yondL i . Consequently, for �nite superconduct-
ing domains,thermodynamicquantitieslike the
speci�c heatand penetrationdepthare smooth
functionsof temperature.As a remnantof the
singularity at Tc thesequantitiesexhibit a so-
called�nite sizeeffect [1], namelya maximum
or anin�ection pointatTpi (i = a;b;c) (seeFig.7.4).
Knowing the value of Tpc (see Fig. 7.4) and
the valuesof the in-planemagneticpenetration
depth � ab at T = Tpc the value of the do-
main size along c-direction L c can be easily
calculated[2]:

L c =
16� 3kB Tpc

� 2
0

1

� � 2
ab (Tpc )

; (7.2)

Figure7.4: Temperature dependenceof thenor-
malized� � 2

ab (T)=16� � 2
ab (0) in the vicinity of Tc

for the16O – opencirclesand 18O – closedcir-
clesY0:7 Pr0:3Ba2Cu3O7� � samples.Closedand
opensquaresrepresentthetemperaturebehavior
of the�r stderivatived

�
� � 2

ab (T)=16� � 2
ab (0)

�
=dT

for 16O and 18O substitutedsamples,respec-
tively. Theextremain the�r st derivativearound
T � 52:1(2) K and51:0(2) K for 16O and 18O,
respectively, clearlyrevealtheexistenceof anin-
�ection point,characterizingtheoccurrenceof a
�nite sizeeffect in 1=� 2

ab. Thesolid anddashed
lines indicatethe leadingcritical behaviorof a
homogenoussystemwith L c � 1 .
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where� 0 is the �ux quantum. The resultsof the �nite sizeeffect analysisin 16O/18O substituted
Y1� xPrxBa2Cu3O7� � (x = 0:0, 0.2,0.3) samplesarepresentedin Fig. 7.5,wherethesizeof super
conductingdomainsalongthe c� axis, L c, ver-
susthe”in�ection” temperature,Tpc , areplotted.
Two importantpointsshouldbe mentioned.(i)
The domainsize increaseswith decreasingTpc

(Tc). This canbe taken asan evidencefor the
shrinkageof limiting lengthscalesuponchange
of doping,stemmingfrom thebehavior closeto
the quantumsuperconductorto insulatortransi-
tion whereTc vanishes[3]. Here the cuprates
becomeessentiallytwo dimensionalandcorre-
spondto a stackof independentslabs[4]. (ii)
For a �x ed Pr concentrationthe lattice param-
eters remain essentiallyunaffected by isotope
substitution[5]. Accordingly, anelectronicpair-
ing mechanism,not taking into accountcou-
pling to local latticedistortionsandanharmonic
phonons,would imply � L c = 0. On the con-
trary, a signi�cant changeof L c upon oxygen
exchangeuncovers the coupling to local lattice
distortionsand anharmonicphonons,involving
theoxygenlatticedegreesof freedom.

Figure7.5: DomainsizeL c versus”in�ection”
temperatureTpc for oxygenisotope16O/18Osub-
stitutedY1� xPrxBa2Cu3O7� � (x = 0.0,0.2,0.3)
samples.Thedashedlinesareguidesto theeye.

[1] M. E. FisherandM. N. Barber, Phys.Rev. Lett. 28, 1516(1972).
[2] T. Schneideretal., J.Phys.: Condens.Matter15, L763 (2003).
[3] T. Schneider, cond-mat/0210697.
[4] T. Schneider, Europhys.Lett. 60, 141(2002).
[5] F. Raffaetal., Phys.Rev. Lett. 81, 5912(1998).

7.1.4 Isotopeeffect studiesin magnesiumdiboride

Theanomaloussuperconductingpropertiesof MgB2 suchas,for example,speci�c heatandunusual
behavior of thesuperconductinganisotropies,wereexplainedby theexistenceof two setsof bands(�
and� ) with differentdimensionalityandpairingstrength.It wasproposed[1; 2] thatMgB2 is anon-
adiabaticsuperconductor, becauseof thestrongcouplingof theelectronsto theE2g phononmodeand
thesmallFermienergy. Thiswould leadto thebreak-down of theMigdal adiabaticapproximation,in
whichthedensityof statesattheFermilevel, theelectron-phononcouplingconstant,andtheeffective
supercarriermassm� areall independentof themassM of thelatticeatoms.To clarify thispoint,we
continueda studyof theboronisotopeeffect (BIE) on themagneticpenetrationdepth� , a physical
quantitydirectly relatedto thecarrierseffective massm � : 1=� 2 � [� 0e2=c2](ns=m� ). Lastyearwe
obtaineda BIE compatiblewith zerowithin theexperimentalerror. To checkthe reproducibilityof
this resultandto show that they areintrinsic for MgB2, we repeatedthe experimenton samplesof
higherquality. To measure� , we usedagain the � SR technique.For Mg11B2 andMg10B2 isotope
samples,we measuredthetemperaturedependenceof themuonspindepolarizationrate� , which is
proportionalto thesecondmomentof themagnetic�eld distribution, and,undercertainconditions,
to thesuper�uid density� / 1=� 2 / ns=m� .
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Therefore,a shift in 1=� 2 dueto the isotopesubstitutionwould leadto a shift in m � , sincens does
notchangeon isotopesubstitution.
In Fig. 7.6 the temperaturedependenceof � for the new Mg11B2 andMg10B2 isotopesamplesis
reported.Thedatawere�tted with thetwo-gapequation[3]:

� (T) = � (0) � w � � � (� 1; T) � (1 � w) � � � (� 2; T); (7.3)

with � � (� ; T)=2� (0)
kB T

R1
0 f ("; T)�[1 � f ("; T)]d". � 1 and � 2 are the zero temperaturelarge and
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small gaps, respectively, w is the
relative contribution of the large
gap to � (0), and f ("; T) is the
Fermidistribution. For thetemper-
aturedependence�( T) of thegaps
we usedtheconventionalBCS gap
function.
From the �t we found
� � 2(0)=� 2(0) = � 1:6(1:5)%[3].
This resultis in agreementwith the
previous one on samplesof lower
quality, showing that there is a
negligible BIE on � 2(0). This is in
contrastto the substantialoxygen
isotope effect observed in the
non-adiabaticcuprateHTS [4; 5].
Our resultsimply thatpolaronicor
non-adiabaticeffects in MgB2 are
absentor negligibly small. With
this work we establishan upper
limit to any theoreticalprediction
of sucheffects[1; 2].

[1] A. S.Alexandrov, PhysicaC 363, 231(2001).
[2] E. Cappellutiet al., Phys.Rev. Lett. 88, 117003(2002).
[3] D. Di Castroetal., cond-mat/0307330.
[4] J.Hoferetal., Phys.Rev. Lett. 84, 4192(2000).
[5] R. Khasanov etal., J.Phys.: Condens.Matter15, L17 (2003).

7.2 Studiesof pressureeffectsin novel superconductors

7.2.1 Pressureeffecton the penetration depth in YBa2Cu4O8

Previous studies[1; 2; 3; 4] showed a substantialOIE on the in-planepenetrationdepth� ab, which
indicatesa non-adiabaticcouplingof theelectronsto phononmodesinvolving themovementof the
isotopesubstitutedatoms.Anotherwayto studylatticeeffectsarepressureexperiments.Thesqueez-
ing of the crystal lattice by externalpressurechangesthe lattice parameters,the phononspectrum
andconsequentlytheelectron-latticecoupling.Surprisingly, thepressureeffecton themagnetic�eld
penetrationdepthhasnotattractedmuchattentionsofar.
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Recentlywe performedthe�rst measurementsof thein-planemagneticpenetrationdepth� ab under
high hydrostaticpressure(up to 11.5 kbar) in YBa2Cu4O8. The temperaturedependenceof � � 2

ab
wasextractedfrom Meissnerfraction measurementsat low magnetic�eld. A pronouncedpressure
effect on both the transitiontemperatureTc and� � 2

ab (0) is observed. Both quantitiesincreasewith
increasingpressure.Thepressureshift on � � 2

ab (0) canbeattributedto (i) thepressureinducedcharge
carriertransferfrom chainsto theplanesand(ii) thedecreasingof the in-planechargecarriermass
m�

ab. However, it is demonstratedthattheeffectmainly (� 2=3) arisesfrom thepressuredependence
of m�

ab.

[1] G.M. Zhaoetal., Nature(London)385, 236(1997).
[2] J.Hoferetal., Phys.Rev. Lett. 84, 4192(2000).
[3] R. Khasanov etal., J.Phys.: CondensMatter15, L17 (2003).
[4] R. Khasanov etal., Phys.Rev. Lett. 92, 057602(2004).

7.2.2 Pressureeffecton the penetration depth in MgB2

Thepressureeffectonthesuperconductingcritical temperatureTc of MgB2 hasbeenstudiedat large.
A linearpressuredependencewasfound,with dTc/dP = 1.11(2)K/GPa [1]. It wasattributedto the
pressureinducedlatticestiffening(increaseof thephononfrequency) [2], ratherthanto thedecrease
in the electronicdensityof states.Comparisonwith theoreticalcalculationssupportthe view that
MgB2 is aBCS superconductorwith moderatelystrongelectron-phononcoupling.
Apart from Tc, themostrelevantsuperconductingparameteris themagnetic�eld penetrationdepth
� . A studyof thepressureeffect on � � 2(T = 0), theso-calledsuper�uid density, cangive impor-
tant informationon how theelectronicdegreesof freedomareaffectedby latticemodi�cationsand,
therefore,on the natureof the electron-phononcoupling. In the cuprateHTS YBa2Cu4O8, a large
pressureeffect on � � 2(0) was found (seesection7.2.2). Part of it canbe attributed to the strong
renormalizationof theeffectivemass,dueto thenon-adiabaticcouplingof theelectronsto thelattice
[3]. We studiedthepressureeffect on themagneticpenetrationdepthin theMgB2 superconductor.
The temperaturedependenceof � � 2(T) wasextractedfrom the Meissnerfractionmeasuredin low
magnetic�eld, andis plottedin Fig. 7.7for two differentpressures.

In analogyto our previouswork [4], we �tted theexper-
imentaldataat low temperatureto a two-gap equation.
The �t yields a very small pressureeffect on � � 2(0):
� � � 2

� � 2 = � 1:9(1:4)%. Oursimpletheoreticalcalculation

of the pressureeffect on � [ � � � 2

� � 2 = � 1:1%] con�rms
the experimentalresults,attributing the small pressure
effect to achangein thestiffnessof theFermivelocityat
low pressures.Theseresultsalsocon�rm theadiabatic-
likenatureof theelectron-phononcoupling,asit wasre-
vealedby thestudyof theboronisotopeeffecton� � 2(0)
in MgB2[4].
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[1] T. Tomitaetal., Phys.Rev. B 64 (2001)092505.
[2] F. Goncharov, Phys.Rev. B 64, 100509(R)(2001).
[3] C. Grimaldi,E. Cappelluti,andL. Pietronero,Europhys.Lett. 42 , 667(1998).
[4] D. Di Castroetal., cond-mat/0307330.
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7.3 Spectroscopicstudiesof novel superconductors

7.3.1 Low temperatureNQR studiesof YBa2Cu4O8

In collaborationwith the NMR groupof the KazanStateUniversity we continuedour NQR study
of thetemperaturedependentplane63;65Cu spin-latticerelaxationin superconductingYBa2Cu4O8.
In normalconductingYBa2Cu4O8 theplane-copperspin-latticerelaxationis predominantlyof mag-
netic origin causedby spin �uctuations and its temperaturedependenceis controlledby the spin-
pseudogapphenomenon[1]. In thesuperconductingphasethismagneticcontributionto therelaxation
diminishesdueto theopeningof thesuperconductinggap. In previousmeasurementswehaveshown
thatwith decreasingtemperaturethisreducedrelaxationchangesits characterandgetspredominantly
quadrupolarbelow 5K with anunexpectedtemperaturedependence[2]. Thecausefor this behavior
is theappearanceof new low frequency charge�uctuationsat low temperatures.As aconsequenceof
thesenew �ndings we extendedthe temperaturerangeof our NQR spin-latticerelaxationmeasure-
mentsinto themilli-K elvin region. Fig. 7.8shows theexperimentalresultswe obtainedfor 16O and
18O exchangedYBa2Cu4O8.

Below 5K the temperaturedependenceof the quadrupolarspin-latticerelaxationis characterized
by a rate maximumat about300mK. This is a clear sign of a slowing-down of the dynamicsof
conjecturednew chargeinhomogeneitiesase.g.stripe-likeelectronicstructures.In a tentativemodel
wecanquantitativelydescribetheobservedbehavior byadistributionof charge�uctuation correlation
times.Assumingthermallyactivatedunderlyingprocessesit mayberelatedto adistributionof energy
barriers.A possibleoxygenisotopeeffectonthedetailsof theratemaximumis obscuredby theerrors
of thedata.

The slowing-down of dynamicsis accompaniedby a progressive reductionin the observed signal
intensityof planeCunuclei(seeFig. 7.9).For thefully stoichiometricYBa2Cu4O8 thisphenomenon
is observed for the �rst time. It seemssimilar to the so-called“wipe-out effect” observed in the
LaSrCuOsystem(seee.g. [3]) but occursat muchlower temperatures.More detailedinvestigations
are neededto clarify the origin of charge inhomogeneitiesin YBa2Cu4O8 and have beenstarted
with a studyof the temperaturedependenceof the planeCu NQR relaxationbehavior at very low
temperaturesin CadopedY0:938Ba1:962Ca0:1Cu4O8.
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Figure7.8:
Low temperature behaviour of the plane-63;65Cu
spin-lattice relaxation in 16O and 18O exchanged
YBa2Cu4O8.

Figure7.9:
Low temperature behaviourof the nor-
malizedplane63Cu NQRsignal intensity
of 16O YBa2Cu4O8.
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[1] F. Raffaetal., Phys.Rev. Lett. 81, 5912(1998).
[2] M. Mali et al., Journalof Superconductivity: IncorporatingNovel Magnetism15, 511(2002).
[3] A. W. Huntetal., Phys.Rev. Lett. 82, 4300(1999).

7.3.2 NMR investigationof a MgB2 singlecrystal

Sofar NMR investigationsof MgB2 have beenperformedexclusively by usingpolycrystallinesam-
ples. Regarding the superconductingphasein MgB2 (Tc = 39K), it is thereforevery dif�cult to
obtainreliableinformationon NMR parameters(particularlytherelaxationrates)[1] dueto theran-
domorientationof crystalliteswith respectto theappliedmagnetic�eld andthestrongcritical �eld
anisotropy [2]. Becausehigh-qualitysinglecrystalsof MgB2 of sub-millimetersizebecameavailable
recently[3] we starteda singlecrystalMgB2 investigation usingquadrupoleperturbed11B NMR.
Themeasurementswereperformedfrom 250K down to 9K in a �eld of 9T, appliedalongtheboron
planes,andrevealeda transitiontemperatureTc(9 T) � 23K. An adaptedmicro-coil versionof the
resonantcircuit wasbuilt in orderto overcomethesensitivity limitationsdueto theunfavorablysmall
sizeof thecrystals.In normalconductingMgB2 theelectric�eld gradient(EFG)andthemagnetic
shift tensorsat the boronsite weredetermined.Whereasour experimentalvaluesfor the EFG are
in agreementwith availableliteraturedata,we cannow provide �rst reliablevaluesfor themagnetic
shift componentsparallelandperpendicularto theboronlayer, which arenot availablefrom powder
sampleinvestigations.

The 11B spin-latticerelaxationrate(see
Fig. 7.10)andthe nucleardipolar cou-
pling weremeasuredin the whole tem-
peraturerange. In the normalconduct-
ing phasethe relaxationrate is slightly
anisotropicandit shows thewell-known
Korringa temperaturebehavior. In the
superconductingphaseit decreasesex-
ponentiallywith decreasingtemperature
duetheopeningof the largerof the two
superconductinggaps. Within experi-
mentalerrorsno evidencefor a coher-
encepeak (Hebel-Slichter-peak) [4] in
therelaxationratewasfound. This is in
contrastto publishedresultsobtainedin
powdersampleinvestigations[5].
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7.3.3 EPR study of lightly dopedLaSrCuO

It is known thathigh-temperaturesuperconductivity is achievedwhenamoderatedensityof conduct-
ing holesis introducedin theCuO2 planes.At a critical concentrationof dopingxcr � 0.06,super-
conductivity appears.However, it is still anunresolvedissuehow theelectronicstructureevolveswith
holedopingfromtheantiferromagnetic(AF) insulatorto theparamagneticmetallicandsuperconduct-
ing state.While mostof thetheoreticalmodelsassumethattheholesarehomogeneouslydopedinto
CuO2 planes,thereis an increasingnumberof experimentspointing towardsa highly nonuniform
holedistribution leadingto a formationof hole-richandhole-poorregions[1]. This electronicphase
separationis expectedto bemostlypronouncedat low holeconcentrations.TheCoulombinteraction
limits the spatialextensionof the electronicphaseseparationto hole-richandhole-poorregionsto
a microscopicscale[2]. Thereforeit is importantto usea local microscopicmethodto study the
electronicphaseseparationin cuprates.EPRis oneof suchmethods.

We performeda thoroughEPR investigation of the La2� xSrxCuO4 (LSCO) cupratein the lightly
dopedrange0.01� x � 0.06,i.e. below xcr . In orderto observe theEPRsignal,LSCOwasdoped
with 2% of Mn2+ ions which replacethe Cu ions in the copper-oxygenlayer andserve asan EPR
probe.The�rst importantobservationis thattheEPRspectraconsistof two lines.Wefoundthatthey
canbewell �tted by a sumof two Lorentziancomponentswith differentlinewidths: a narrow anda
broadone.

Figure 7.11 shows the temperaturedependenceof the EPR intensity for the x=0.03 sample.
One can see that the two EPR lines follow a completely different temperaturedependence.
The qualitatively different behavior of the broad and narrow EPR signals indicates that they
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Figure 7.11: Temperature dependenceof the
narrow and broad EPR signal intensity in
La2� xSrxCu0:98Mn0:02O4 with x = 0.03. The
solid line representsa �t using the model de-
scribedin thetext.

belongto distinctregionsin thesample.Firstwe
noticethatthebroadline vanishesat low temper-
atures.This canbeexplainedby taking into ac-
counttheAF orderpresentin sampleswith very
low Srconcentration[3]. In contrastto thebroad
line, the narrow signalappearsat low tempera-
turesandits intensityincreaseswith decreasing
temperature.This indicatesthat thenarrow sig-
nal is dueto the regionswherethe AF order is
supressed.It is known that the AF order is de-
stroyedby thedopedholes,andabove x = 0.06
AF �uctuations are much lesspronounced[4].
Therefore,it is naturalto relatethe narrow line
to regionswith locally highcarrierconcentration
and high mobility. Sincewe relatethe narrow
line to hole-richregions,anexponentialincrease
of its intensityat low temperaturesindicatesan
energy gapfor theexistenceof theseregions.

We proposea modelwherethis microscopicphaseseparationis driven by the elasticinteractions
betweenthe holes. This interactionis highly anisotropicbeingattractive for someorientationsand
repulsive for others[5]. The attractionbetweenholesmay result in a pair formation when holes
approacheachother closely enough. The pair formation can be a startingpoint for the creation
of hole-richregionsby attractingadditionalholes. Becauseof the highly anisotropicelasticforces
theseregionsareexpectedto have the form of stripes. Thereforethe pair formationenergy � can
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be consideredasan energy gap for the formationof hole-richregions. The solid line in Fig. 7.11
representsa �t usingthis model.For thepair formationenergy we obtained� = 460(50)K, which is
practicallydoping-independent.This valueagreesvery well with thevalueof � obtainedfrom the
analysisof inelasticneutron-scatteringandRamandatain cuprateHTS [6].

To summarize,performedEPRexperimentsprovideaveryimportantinformationabouttheelectronic
structureof the lightly-dopedLSCO. First, we obtaineda clear indicationof the electronicphase
separationinto microscopichole-richandhole-poorregions.This shows thatmetallicdomainsexist
in LSCOstartingfrom very smallcarrierconcentrations.A secondimportantobservationis thegap
relatedwith the formationof themetallic regions. Thegapvalueextractedfrom our experimentsis
nearlythesameasthatdeducedfrom otherexperimentsfor theformationof bipolarons[6], pointing
to theorigin of themetallicregions.

[1] See,for instance,Phaseseparation in CuprateSuperconductors, editedby K.A. Müller andG.
Benedek(World Scienti�c, Singapore,1993).

[2] V. J.EmeryandS.A. Kivelson,PhysicaC 209, 597(1993).
[3] J.H. Choetal., Phys.Rev. Lett. 70, 222(1993).
[4] Ch.Niedermayeretal., Phys.Rev. Lett. 80, 3843(1998).
[5] B. I. Kochelaev etal., Mod. Phys.Lett. B17, 415(2003).
[6] V. V. Kabanov andD. Mihailovic, Phys.Rev. B65, 212508(2002).

7.3.4 Tri-lay er Y123/Pr123/Y123studiesby meansof LE� SR

Thereareseveral motivationsbehindthe studyof high-Tc multilayeredstructures.First, thereis a
technologicalneedfor heterostructurescontainingsuperconductorsandinsulating(or metallic) lay-
ers,for instancein thefabricationof Josephsonandproximity effect junctions.Second,multilayers
have beendemonstratedin thepastto bevery powerful toolsfor studyingthebasicphysicsof semi-
conductors[1] andmetals[2].

The low-energy-muontechniqueavailable at PSI is well suitedfor sucha multilayer study: slow
muonsof tunableenergy between1keV and30keV canbeimplantedataverysmallandcontrollable
depthbelow thesurfaceof asample.Thisallowsall theadvantagesof standard� SRto beobtainedin
thin samples,nearsurfaces,andasafunctionof depthbelow surfaces[3]. Westartedtheprojectwith
thesimplestsystemof a33nm/50nm/115nmYBa2Cu3O7/PrBa2Cu3O7/YBa2Cu3O7 (Y123/Pr123/
Y123) structuregrown at the Universit́e de Gen�eve. Our �rst � SR measurementsin zeromagnetic
�eld arepresentedin Fig. 7.12.

Implantationenergiesof incomingmuonsweretunedto stopmostof the muonsin the appropriate
layer(3keV/12.5keV/30keV). In thetopY123layer, weobservedaslowly relaxingsignal(dueto the
coppernuclearmoments).Theprecessionsignalseenin the intermediatelayer indicatesthatPr123
is in anantiferromagneticstatewith aninternal�eld B int � 150G. We seeno signi�cant changein
theinternal�eld measuredatT=110K (whichis abovethesuperconductingtransitionfor bulk Y123)
andat T=5K, respectively. The valueobserved is similar to the internalmagnetic�eld known for
bulk Pr123at T � 100K. At 30keV mostof themuonsstopinsidethelastY123 layerandgive rise
to theslow relaxingsignal.Thesmalladditionalprecessionsignalseenin this spectrumcorresponds
to a smallpartof themuonswhicharestill stoppedin theantiferromagneticintermediatelayer. Zero
�eld measurementscon�rmed the goodquality of the tri-layer �lm anddemonstratethe capability
of the low-energy-muontechnique.We alsostartedmeasurementsin a weak(H < H c1) external
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�eld appliedparallel to the
surfaceof the �lm. A pre-
liminary analysisshowsthat
themagnetic�eld measured
insidebothof theY123 lay-
ers is screenedbetter than
it is estimatedfor separated
Y123 layers in the Meiss-
ner state. This �nding re-
quires further experimental
study. In particularwe are
planing experimentsin sin-
gle thin �lms of Pr123and
Y123.

Figure7.12:Experimental� SR
spectra measured at T = 25K
in zero magnetic�eld in:
a) �r stYBa2Cu3O7 layer;
b) intermediate PrBa2Cu3O7

layer;
c) secondYBa2Cu3O7 layer.

[1] L. Esaki in SyntheticModulatedStructures, ed. by L.L. ChangandB.C. Giessen(Academic
Press,New York, 1985),ch.1.

[2] C.M. L. Falco and I.K. Schuller in SyntheticModulatedStructures, ed. by L.L. Changand
B.C.Giessen(AcademicPress,New York, 1985),ch.9,10.

[3] Morenzonietal., J.Appl. Phys.81,3340(1997).

7.4 Magnetometry of cuprate superconductors

7.4.1 Doping dependenceof superconductingpropertiesof LaSrCuO by torquemeasurements

In continuationof our formerprojectswe areworkingon themeasurementof oxygenisotopeeffects
in cupratesingle crystals. As the isotopeexchangeoccursby diffusion of the oxygenwithin the
sample,crystalsusedfor this kind of studyneedto be very small (on the orderof 150�m along
eachdirection) to ensurea completeexchange. This risesthe needfor very sensitive equipment
capableof measuringthe small effects(below 5%) associatedwith isotopeexchangeexperiments.
In this casethetorquemagnetometerdevelopedin our groupspeci�cally for this purposeis used.In
a torqueexperimenta magneticsampleis exposedto anexternalmagnetic�eld andthemechanical
torqueis measuredas a function of temperature,and the applied�eld' s magnitudeand direction.
Dueto their anisotropy cupratesuperconductorsarewell suitedfor this kind of study. Dependingon
theusedtheoreticalmodelsseveralsuperconductingpropertiessuchasthecritical temperatureTc, the
magneticpenetrationdepth� , thecorrelationlength� or theanisotropy parameter
 canbecalculated
from appropriatetorquemeasurements.

Ourinterestliesin theinvestigationof thecupratesuperconductorLa2� xSrxCuO4 coveringthewhole
dopingregimefromunderdopedtooverdopedsampleswith critical temperaturesrangingfrom18K to
35K. The�eld dependentmeasurementsata �x ed�eld orientation(anglebetweenthemagnetic�eld
andthesamplesmainaxis� = 45� ) collectedupto now canbeusedto extractsomesuperconducting
properties,but moremeasurementsat differentanglesareneededto reliably determineall properties
of interest.As anexamplethe in-planecorrelationlength� ab is shown in Fig. 7.13asa functionof
temperaturefor thedifferentlydopedsinglecrystals.Thedivergencecloseto Tc is well visible.
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Figure7.13:
Temperature dependence of the
in-plane correlation length � ab of
La2� xSrxCuO4 for different doping
levelsx. 0 10 20 30 40
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7.4.2 Anisotropyand internal �eld distrib ution of MgB2 in themixedstateat low temperatures

The two-bandsuperconductivity in MgB2 leadsto an arrayof unusualsuperconductingproperties,
particularlyto a very unusualbehavior of thesuperconductinganisotropies[1]. For example,a pro-
nouncedtemperaturedependenceof theanisotropy 
 H of theuppercritical �eld H c2, directly related
to thecoherencelength� , wasobserved[2] andcalculatedbasedonthetwo-bandmodel[3]. In com-
parison,calculatedvaluesof thelow �eld penetrationdepthanisotropy, 
 � , aremuchlower, with an
oppositetemperaturedependence[4]. This wasexperimentallycon�rmed aswell by measurements
of H c1 [5] andinvestigationsby small-angleneutronscattering[6]. However, experimentsindicate
that, 
 � is closeto isotropicin the limit of very low �elds, whereasit is soonrising stronglywith
increasing�eld H [6].

The behavior of the anisotropiesof the superconductinglength scalesin the mixed stateH c1 <
H < H c2 still needsto be clari�ed. Therefore,to study the �eld dependenceof the anisotropy
at low temperature,we analyzedSQUID and torquemagnetizationdata,obtainedfrom a MgB2

single crystal with very low pinning, and � SR data,measuredon unalignedMgB2 powder. We
determinedthe�eld dependenceof the
magneticpenetrationdepth,which is
obtainedfrom the �eld or angle de-
pendenceof the bulk magnetization
(SQUID/torque), as well as from the
averagevariationof the internal �eld
(� SR).
The results from SQUID and � SR
measurementsareconsistentin show-
ing a rapid decreaseof the super�uid
density, 1/� 2, with the �eld H in-
creasingbelow about10kOe(seeFig.
7.14). Moreover, both SQUID and
torquedataagreeontheanisotropy 
 � ,
increasingstronglywith H asshown
in Fig. 7.15.Theanalysisof thetorque
data further suggeststhat the coher-
encelengthanisotropy is not very dif-
ferentfrom theoneof thepenetration
depthin any given�eld.
These�ndings areconsistentwith the
decreaseof the contribution to super-

T=2K

Figure 7.14: Comparisonof � � 2 vs H obtained from
dM /dlnH from SQUID measurementson a singlecrystal
with H==c(dashedcurve)andH==ab(dottedcurve)and
from the muonspin depolarizationrate measured on un-
alignedpowder(opencircles). Theshadedbox indicates
�elds closeto or lower thanH c1. Inset: M (H ) measured
on thecrystalwith H==c.
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Figure 7.15: Anisotropy as deter-
minedfroman analysisof anglede-
pendenttorquedata at various low
temperatures, as a function of the
applied �eld. Inset: Angle depen-
denceof torquein 2kOeat 8K. The
dashedline is a theoretical descrip-
tion, assuming
 � � 
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conductivity of themoreisotropic� band,whichhaslower intrinsicH �
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� band.ThedatapresentedindicatethatH �
c2 is manifestedby a ratherbroadcrossover.

[1] M. AngstandR. Puzniak,in Focuson Superconductivity Research2003,editedby B. P. Mar-
tines(NovaPublishers,New York, 2004),Chap.1, preprintoncond-mat/0305048.

[2] M. Angstetal., Phys.Rev. Lett. 88, 167004(2002).
[3] A. A. andA. E. Koshelev, Phys.Rev. B 68,104503(2003).
[4] V. G. Kogan,Phys.Rev. B 66, 020509(2002).
[5] L. Lyardetal., Phys.Rev. Lett. 92, 057001(2004).
[6] R. Cubitt et al., Phys.Rev. Lett. 91, 047002(2003).
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8 Phasetransitions, thermal transport and newmaterials

A. Schilling,M. Reibelt,andR. DellAmore

in collaborationwith:
PaulScherrerInstitute(Ch. Rüegg),Universityof Bern(K. Krämer),BhabaAtomic ResearchCenter
(G. Ravikumar), ForschungszentrumKarlsruhe(Th. Wolf, C. Meingast),Iowa StateUniversity (P.
Can�eld), ETH Zürich (J.Karpinksi).

In our new researchgroupthatstartedactivity in April 2003we aremainly investigatingphasetran-
sitions,thermaltransport,andthephysicalpropertiesof new materials.

Thestudyof phasetransitionsof vortex matterin conventionalandhigh-temperaturesuperconductors
is acontinuationof ourwork thatwehavedoneattheUniversityof Karlsruhe(Germany). Thephysics
of magnetic�ux lines(vortices)in high-temperaturesuperconductorshasbeenamatterof veryactive
researchbecauseof its high relevancefor the technicalapplicationsof thesematerials[1]. Details
in the magneticphasediagramsof the vortex lattices in other classesof type-II superconductors
have alsobecomeof growing interest[2; 3; 4]. However, no thermodynamicdataon the different
vortex phasesandrespective phasetransitionsin thesesystemsareavailable. Therearepossibilities
to circumvent known problemsassociatedwith vortex pinning [5; 6], andit is thereforelikely that
correspondingexperimentswill eventuallybesuccessful.

Themainmechanismsfor thetransportof heatin simplethreedimensionalsolidsarequitewell under-
stood,andthecorrespondingcontributionsto thethermalconductivity by latticevibrations(phonons)
andnearly-freeelectronsin simplemetalsarestandardsubjectsin all solid-statephysicstextbooks.
By contrast,little is known aboutthemechanismfor theheattransportin lowerdimensionalsystems.
Theapplicationof theoreticalmicroscopicmodelsfor theheattransportin oneandtwo dimensional
atomiclattices,for example,givessurprisingresults.Fourier's law is expectedto beviolatedin re-
duceddimensions,andthe thermalconductivity shoulddiverge with increasingsystemsize[7; 8].
Thereareindeeda variety of real systems,wheresuchdeviationsfrom standardthreedimensional
phononheattransportcanbeexpected,andwe aim to performthermal-conductivity experimentson
suchsystems.

[1] G. Blatteretal., Rev. Mod. Phys.66, 1125(1994).
[2] V.G.Koganetal., Phys.Rev.B 55, R8693.
[3] M.R. Eskildsenetal., Phys.Rev.Lett.78, 1968(1997).
[4] C.E.Sosoliketal., Phys.Rev.B 68, 140503(2003).
[5] M. Willemin etal., Phys.Rev.B 58, R5940(1998).
[6] E.H.BrandtandG.P. Mikitik, Phys.Rev.Lett.89, 027002(2002).
[7] A. Lippi andR. Livi, J.Stat.Phys.100, 1147(2000).
[8] O. NarayanandS.Ramaswamy, Phys.Rev.Lett.89, 200601(2002).

8.1 Phasetransitions in superconductors

8.1.1 Magnetocaloriceffectsand vortex phasesin V3Si

The magneticphasediagramof the type-II superconductorV3Si in the superconductingstatehas
beenpreviouslystudiedby DC magnetisationmeasurements.In externalmagnetic�elds in themixed
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stateabove � 0H = 1 T, themagnetisationM shows a pronouncedhystereticpeakeffect thatde�nes
two distinct magnetic�elds: the peak�eld BP wherethe hysteresiswidth is largest,andthe onset
�eld BH F wherethelargepeakin thehysteresisloop opens(seeFig. 8.1,upper�gures). This onset
hasbeenshown to dependon themagnetichistoryof thesampleandis sharpestafterrepeated�elds
cyclesbelow BH F . Themagneticregion right below BH F is believedto exhibit long-rangeorderof
thevortex lattice,while thepeakregionvery likely correspondsto adisorderedglass-likestate.
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Figure8.1:
Phasediagramandmagnetocaloriceffectin V3Si (seetext).

We have investigated the mag-
netic phase diagram of V3Si
usingadifferentialcalorimeterto
detect possible thermodynamic
phase transition between the
different vortex phases. Our
main result is shown in Fig. 8.1
(lower �gures), where we have
plottedthemagnetocaloriceffect
on the sampletemperatureT in
a differential setup with �nite
heatlinks. In thesteadystate,the
temperaturedifference� T to a
copper referencesample corre-
sponds,to �rst approximation,to
the variation of � dH

dt

� @M
@T

�
H

T
C

of V3Si, where� is the thermal
relaxationtimeof thesampledue
to the �nite heatlink to the sur-

roundingheatreservoir, dH
dt is the rateof the �eld variation,andC is the sampleheatcapacity. In

suchanexperiment,thethermodynamicquantity
� @M

@T

�
H is probed,which is usuallyinaccessiblein

magnetisationexperimentsdueto thelargehysteresiseffectsonM .

We have performednumerousexperimentsby varying the magnetichistory of the samplebelow
BH F . Wecouldnotdetectany featurethatwould indicatea thermodynamicphasetransitionatB H F

within the resolutionof the experiment. However, we have measureda large self-heatingeffect as
soonas the magnetic�eld entersthe peakregion from below, which we interpretas the onsetof
a dissipative processthat re�ects the destructionof the long-rangeorderedvortex lattice. Cycling
themagnetic�eld backto low �elds is again a dissipative process,andtheamountof theproduced
heatingpower dependson the width of the magneticloop. In addition,a distinct, �rst-order like
featuredevelopsata �eld Bx , whereanapproximatelyconstantamountof heatis suddenlyreleased,
leadingto an immediateincreasein sampletemperature(seeFig. 8.1, lower �gures). This �eld B x

doesnot dependon the magnetichistory aslong asthe backward magneticcyclesstartbelow B P .
Cycling down from a �eld above this peakvalue,however, resultsin a history dependenceof the
locationof the heat-releasing�eld Bx . We believe that in a small magnetic-�eldcycle, startingat
low �elds andenteringthepeakregion at BH F but reversingthesignof dH

dt below BP , a metastable
andperhapsincompleteglassystateis establishedin thepeakregion thatdiscontinuouslytransforms
backto a regular orderedsolid at a well de�ned magnetic�eld B x by releasinga �nite amountof
heat.Largercyclesthatexceedthepeak�eld BP seemto producedisorderedvortex con�gurations
that transformbackat differenttransformation�elds B x , dependingon the width of the respective
cycles.

Theseinvestigationsshow thatavarietyof thermaleffectsin V3Si canbeascribedto theformationof
differentvortex phases.Most of thesephasesarenot in thermodynamicequilibrium. To studythese
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glass-like phasesin moredetail we arenow usingexternaltransverseAC-�eld coils that have been
shown to beeffective to drivenon-equilibriumvortex statesinto a thermodynamicequilibrium[1; 2].

8.1.2 The effect of twin-boundary and intrinsic pinning on �ux-lattice melting in singlecrys-
tals of REBa2Cu3O7� � (RE = Y, Nd)

Somecharacteristicfeaturesof high-temperaturesuperconductors,suchasthemagnetic-�eld-broadened
resistivetransition,havemadepinningacentralissuein thestudyof thesematerials.Thepresenceof a
meltingtransitionfor H==cin untwinnedYBa2Cu3O7� � crystals,in contrastto its absencein twinned
crystalsat low magnetic�elds, indicatesthat twin boundariesplay a major role in determiningthe
vortex structureandits dynamicsfor this magnetic�eld orientation.Measurementsof themagneti-
zationon YBa2Cu3O7� � [3] andNdBa2Cu3O7� � [4] andtransportmeasurementson YBa2Cu3O7� �

[5] have indicatedthatfor H==ab, strongcommensurabilityeffectsbetweenthevortex latticeandthe
crystallattice occur, andthe phase-transitionline separatingthe vortex solid from the vortex liquid
canbeexpectedto stronglydeviatefrom continuum-theoryexpectations.In factanoscillatorymelt-
ing temperatureof the vortex smecticphaseasa function of magnetic�eld hasbeenmeasuredby
[3; 4; 5].

Every inhomogeneityof the material that weakenssuperconductivity can causepinning. Pinning
centersare, for example,grain boundaries,twin boundaries,dislocations,impuritiesandeven the
crystalstructureitself in the caseof layeredsuperconductors.Whenthe magnetic�eld is applied
parallel to the superconductingCuO2-planesin cuprates,Josephsonvorticescan form, with their
axesalongtheweaklysuperconductingintermediatelayers. Theseintermediatelayersareeffective
pinning centerswith respectto vortex motion perpendicularto the planes,but the vorticesarestill
ableto easilymove parallelto the layers. This behaviour remindsof a smecticliquid crystalphase
andis thereforecalled”vortex smecticphase”.This phenomenoncausescommensurabilitybetween
thevortex latticeandthelayeredcrystalstructurewhentheconditionl = kd is satis�ed [6; 7]. Here
k is an integer number, l = [

p
3� 0=(2
 B )]1=2 is the vortex distancealongthe c axis, and
 is the

anisotropy parameter. The oscillationsin the melting temperatureas a function of magnetic�eld
area direct consequenceof thedifferencebetweenthecon�nementstrengthsin commensurateand
incommensuratesmecticvortex states.Thecommensuratestatesexperiencea strongercon�nement
potentialandhencemelt at highertemperaturesthanthe incommensuratestates.Figure8.2 shows
possiblearrangementsof thevorticesin differentcommensurateandincommensuratestates.

commensuratestate:
l=d = 4; B1

commensuratestate:
l=d = 3; B1 < B2

incommensuratestate:
3 < l=d < 4; B1 < B3 < B2

Figure8.2: Possiblearrangementsof the vorticesin different commensurate and incommensurate
states(seetext).
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Wehavedoneaseriesof experimentsto investigatethesecommensurabilityoscillationsof themelting
transitionby speci�c-heatmeasurements,which hasnot beencarriedout before.Transportmeasure-
mentsindicatedthat the freezingof thevortex liquid into a smecticphaseis a �rst-order transition,
but a �nal con�rmation requiresmeasurementsof thermodynamicquantities.We �rst investigateda
twinnedNdBa2Cu3O7� � (Tc � 96.8K) singlecrystal. We useda high-accuracy differentialthermal
analysis(DTA) method[8], andattacheda small laser-setupon the rotationaxis to achieve a high
angularresolution.Although we usedthe samesinglecrystalsasin [4], our experimentsindicated
that thepinningdueto thestrongtwinning of thecrystalmakesa distinctionbetweena continuous
glass-to-liquidtransitionfrom thepredictedcontinuoussmectic-phase-to-liquidtransitionfor H==ab
verydif�cult.

Wedecidedto repeatthesemeasurementsonanoxygendepletedNdBa2Cu3O7� � singlecrystalwith
Tc � 65K. It is known thatsuchcrystalsexhibit arelatively largeelectronicanisotropy, whichfavours
theformationof a vortex smecticphasealreadyin moderatemagnetic�elds [5]. However, we again
did not detectany distinctsignaldueto theexpectedphasetransition,which we attribute to consid-
erablerandom(chemical)disorderin the consideredsample,therebyreducingthe differencein the
effectivenessof pinningbetweencommensurateandincommensuratevortex states.

[1] M. Willemin etal., Phys.Rev.B 58, R5940(1998).
[2] E.H.BrandtandG.P. Mikitik, Phys.Rev.Lett.89, 027002(2002).
[3] A. A. Zhukov etal., Phys.Rev.B 59, 11213(1999).
[4] H. Küpferetal., Phys.Rev.B 66, 064512(2002).
[5] S.N. Gordeev etal., Phys.Rev.Lett.85, 4594(2000).
[6] B. I. Ivlev andN. B. Kopnin,Phys.Rev.Lett.64, 1828(1990).
[7] L. Bulaevskii andJ.R. Clem,Phys.Rev.B 44, 10234(1991).
[8] A. SchillingandO. Jeandupeux,Phys.Rev.B 52, 9714(1995).

8.2 Thermal transport

8.2.1 Thermal-conductivity measurementson the quasionedimensionalS = 1
2 quantum spin

systemTlCuCl 3

Weperformedthermal-conductivity measurementson thequantumspinsystemTlCuCl3. Thismate-
rial hasamonoclinicstructure(spacegroupP21=c) andshowschangesof thespinstate,thatdepend
on thetemperatureT aswell ason theappliedmagnetic�eld H .

Themagneticpropertiesaredeterminedby theS = 1
2 exchangeinteractionsbetweentheCu2+ ions,

whicharearrangedin dimerpairswithin Cu2Cl6-clusters.Theseplanardimersarestackedonthetop
of oneanotherto form in�nite doublechainsparallelto thecrystallographica-axis[1]. Thesedouble
chainsarelocatedat thecornersandthecenterof theunit cell in theb� c plane,andareseparatedby
Tl+ .

Themagneticgroundstateof TlCuCl3 is a non-magneticspinsinglet,that is separatedfrom the�rst
excitedtriplet stateby anexcitationgap� = 0.65meV in zeromagnetic�eld. Themagnitudeof the
spingap� wasevaluatedby previousmagnetizationandESRmeasurements[2]. Inelasticneutron-
scatteringmeasurementsrevealedthatthespingapis dueto thestrongantiferromagneticinteraction
J = 5.68meV in theplanardimerof Cu2Cl6. Theneighboringdimersarecoupledby stronginter-
dimerinteractionsalongthedoublechainandin the(1 0 -2) plane[3; 4]. These3D interactionsplay
animportantroleconcerningthequantumregimeof thiscompound.Thecritical �eld H c is de�nedas
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themagnetic�eld correspondingto thegapenergy � = g� 0� B H c. Whena magnetic�eld H larger
thanH c is applied,theenergy gapvanishesandthesystemcanundergoathreedimensionalmagnetic
ordering. The processof closingthe spin excitation gap drivesa quantumphasetransition,which
separatesthequantumdisorderedsingletgroundstatefrom the3D orderedgroundstate.Thecritical
�eld for TlCuCl3 is � 0H c � 5.5T at T = 0 K [2]. Theorderingtemperatureincreaseswith increas-
ing magnetic�eld for H > H c. Thesefeatureswereinterpretedandqualitatively well describedin
termsof theBose-Einsteincondensation(BEC) of spin triplets (magnons)[5]. Thecoherentsuper-
positionof the singletandthe Sz = +1 triplet componentsthroughoutthe Cu2+ -dimersgenerates
thecondensate(Sz denotesthe thequantumnumberfor thespincomponentalongthequantization
axis) [6]. The spin structurein the orderedstatehasbeendeterminedby elasticneutron-scattering
measurements.Thespinslie in thea � c plane,with H jjb. They arearrangedin parallelalonga leg
in thedoublechainandform anangle� = 39 � with thea-axis. Thetransversespincomponentsare
long-rangeordered[7].

Ourthermal-conductivity measurementsaremotivatedby theabovementionedquantumphasetransi-
tion andthe possibility to detectther-
mal signaturesdueto the presenceof
a Bose-Einsteincondensate.We mea-
sured the thermal conductivity with
a conventional steady state method
alongthe crystallographica-axis,and
applying a magnetic �eld H up to
� 0H = 9T along the direction of the
heat�ux k a. An enhancementof � at
lower temperaturesis observable( see
Fig. 8.3). With increasingmagnetic
�eld theabsolutevaluesof � decrease
in this temperatureregion. At higher
temperaturesthe thermalconductivity
is magnetic�eld independent. Fur-
thermeasurementsof thethermalcon-
ductivity alongotherdirections,espe-
cially along and perpendicularto the
orderedspinvectors,areplanned.
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Figure 8.3: The thermal conductivityof T lCuCl3 along
the crystallographic a-axis. Theinsetshowsan extended
temperature range.

[1] K. Takatsuetal., J.Phys.Soc.Jpn.66, 1611(1997).
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[4] A. Oosawaetal.., Phys.Rev.B 64, 094426(2002).
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9 SurfacePhysics

T. Greber, M. Hengsberger, J.Wider, M. Hoesch,W. Auwärter, M. Muntwiler, A. Tamai,
A. Dolocan,M. Corso,C. Cirelli, T. Gresch,Ch. Schlep̈utz,M. Kl öckner, W. Deichmann,

J.Osterwalder

Thesurfacephysicslaboratoryis well equippedfor thepreparationandcharacterizationof cleansur-
faces,ultrathin �lms andnanostructuresunderultrahighvacuum(UHV) conditions. Experimental
techniquesavailable to us includex-ray photoelectronspectroscopy (XPS) anddiffraction (XPD),
angle-resolvedphotoemissionspectroscopy (ARPES),two-photonphotoemission(2PPE)usingfem-
tosecondlaserpulses,low-energy electrondiffraction (LEED) andscanningtunnelingmicroscopy
(STM). At thenearbySwissLight Sourcewe have built up two morephotoemissionspectrometers,
onefor spin-resolvedFermisurfacemappingandonefor near-nodephotoelectronholography.

Theresearchcarriedoutduringthereportperiodcanbegroupedinto four topics:

- Surfacestatesoncleanmetalsurfaces
Theclose-packed(111)surfacesof severalface-centred-cubicmetals(e.g.Au, Ag, Cu,Ni) exhibit
so-calledShockley surfacestatesthatpropagatealmostfreelywithin thesurfaceplane,andwhich
havewavefunctionsthatdecayexponentiallybothinto thevacuumandinto thebulk of thecrystal.
They thus exemplify a two-dimensionalgas of nearly-freeelectrons(2DEG), which manifests
itself in parabolicenergydispersionrelations.OnAu(111),this2DEGis subjecttospin-dependent
momentumshifts dueto the Rashbaeffect. We have measuredthesemomentumshifts andthe
detailedspin structurein reciprocalspace(Section9.1). On vicinal Cu(111)surfaceswe could
show thatthewavefunctionof this2DEGcanlocalizeonindividual terraces,while photoemission
matrixelementeffectsstill make themeasureddispersionlook free-electron-like (Section9.2).

- Monolayer�lms of hexagonalboronnitride onmetalsurfaces
Thepreparationof well-de�nedmonolayer-thick �lms permitsustostudythestructural,electronic
andmagneticpropertiesataninterfacebetweentwo differentmaterials.In thenanosciences,such
knowledgeis essentialfor theunderstandingof how nanoscalestructuresanddevicesfunction.We
havecontinuedto studysinglemonolayersof hexagonalboronnitride (h-BN ) on transitionmetal
surfacesaswell-de�ned modelcasesfor metal-insulatorjunctions. A new andmoreconvenient
precursormoleculewasdemonstratedto producehigh quality �lms on Ni(111) (Section9.3). On
Rh(111)theh-BN �lm self-assemblesinto a remarkablenanostructurein theform of a two-layer
nanomesh(Section9.4),while onPd(110)avarietyof Moiré patternsis found(Section9.5).

- Adsorbedmolecules
Molecularmonolayersofferahighly interestingroutetopreparefunctionalizedsurfaces.Chemists
provide moleculeswith suitablechemicalanchorsandwith thedesiredfunctionalgroupsthatare
to beexposedat thesurface.We areworkingon methodsthatcanmeasurethebondinggeometry
of themoleculeson thesubstrate,andwe studytheelectronicpropertiesof molecularlayersthat
have a high degreeof self-organizedcrystallineorder within the layer. For C60 moleculeson
Ag(111) we �nd a strongdependenceof the molecularorientationon the degreeof potassium
dopingof the layer (Section9.6). In Section9.7 a new andef�cient procedureis presentedfor
unravelingthepresenceof severalmolecularorientationsin suchmonolayersandquantifyingtheir
relative abundances.For a C60 layeron h-BN/Ni(1 11) a new typeof phasetransitionis revealed
wherethechargetransferto themoleculeschangesdueto a thermallyexcitedrockingmotionof
the molecules(Section9.8). In Section9.9 theadsorptiongeometryof tartaricacidon Cu(110)
is measuredby a new generationXPD experimentthatmakesuseof thehigh-brightnesstuneable
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synchrotronradiationof the SLS.The XPD patternsdisplaydirectly the chiral characterof the
moleculewhensingleenantiomersareadsorbed,aswell astheconformationchangesdueto the
interactionwith themetalsubstrate.

- Time-resolvedelectrondiffraction
The setupof our picosecondtime-resolved electrondiffraction experimentis complete,andwe
have seenthe �rst temporalcorrelationsignalsbetweenlaserpump pulsesand electronprobe
pulses.This wasachievedby aiming theelectronsthrougha �ne pinholein a metalplatewhile
hitting theentranceof thepinholewith thelaserpulses(Section9.10).Thespacechargeproduced
by the laserlight actslike a time-dependentvalve for the electronpulse. This relatively simple
setupcannow be usedin orderto establishspatialandtemporaloverlapof the two pulseson a
samplesurface.

9.1 The spin-structureof the Shockleysurfacestateon Au(111)

in collaborationwith:
V.N. Petrov, St.Petersburg TechnicalUniversity, RussiaandL. Patthey, M. Shi andM. Falub,Swiss
Light Source,PaulScherrerInstitut,5232Villigen, Switzerland

The reducedsymmetryof a two-dimensionalelectrongascon�ned by asymmetricboundariescan
resultin a spin-splittingof theelectroniclevelsin momentumspace(Rashbasplitting). Sucha sepa-
rationof up- anddown-spinsin k-spacemight beusefulasa sourceof polarizedelectronsin future
spintronicdevices.Thefundamentalphysicsgoverningthestrengthandthedetailedbehaviour of the
splitting have beeninvestigated. The (111) surfaceof gold accommodatesa Shockley-type surface
state. This two-dimensionalquasi-freeelectrongasis a modelcase;it displaysa strongspin-orbit
splittingproportionalto thein-planemomentumof theelectrons[1; 2; 3].

Thespin-resolvedphotoelectronspectrometerCOPHEEinstalledat theSurfaceandInterfaceSpec-
troscopy (SIS)beamlineat theSwissLight Sourcewasusedto investigatein detailtheFermisurface
of thesurfacestateon Au(111). For the �rst time a completespin-resolvedangularmappingof the
photoelectronsemittedwith linear polarizedVUV radiationwas performed. Sucha mappingal-
lows to determinethe individual contributionsto theFermisurfacefrom electronsof oppositespin.
For the two-dimensionalfree-electrongasthe Rashbamodelpredictsthe spinsto lie in the surface
plane,with a momentumshift for spinspointingin a counterclockwise(clockwise)directiontangen-
tial to the Fermi surface. Thereforewe chosethe tangentialdirectionasthe referencedirectionfor
spin-upandspin-down. An out-of-planecomponentof thespin-polarizationis only expectedif the
electronsinteractwith the nuclearcharge in sucha way that an electrical�eld componentparallel
to thesurfaceplaneis experienced.Figure9.1 shows themeasuredmomentumdistribution pattern
of thesurfacestatephotoelectrons(a) andthe tangential(b) andout-of-plane(c) componentsof the
spin-polarization.Thesamplewascleanedby repeatedsputteringandannealingcyclesandheldat
� 150K during themeasurements.Thedatawereacquiredin a 7 hrs. long continuousscan.In the
polarizationmapsthemodulationof thepolarizationcomponentscanbestudied.Fromtheintensity
(a) andthe in-planepolarization(b), which is obviously thedominantcomponent,thespin-resolved
intensitiesfor spin-up(d) andspin-down (e)werecalculated.Notethetwo individualFermisurfaces
with differentradii (Fermiwavevectors).A detailedanalysisof thepolarizationmodulationsfor both
thein-planeandtheout-of-planecomponentwasperformed.Any modulationmustre�ect thethree-
fold symmetryof the surface. It wasfound that the polarizationfollows the tangentto the circular
Fermisurface.No modulationcouldbeobservedwithin thedetectionlimit of 2% (electronpolariza-
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Figure9.1: Spin-resolvedmomentumdistribution mapsneartheFermi surface(EB =170 meV)mea-
suredwith UV-light of ~! = 21:1 eV.
a) Total intensitymapanda sketch of theFermisurfaceandthepredictedspinstructure (guideto the
eye).Purplearrowsindicatetheprojectionaxesfor in-planepolarization.
b) andc) Polarizationmapsin a color-scalerepresentationfor thein-planecomponent(b) andfor the
out-of-planecomponent(c) of thepolarizationvector. Thein-planepolarization(b) is a projection
on the tangentsto thecircular Fermi surface. Red(blue) indicatesa counter-clockwise(clockwise)
spinorientation.
d) ande) Individualspin-upand-spindownintensitymapsderivedfroma) andb).

tion value).Thisallows theconclusionthattheelectronsexperienceon theaverageanelectrical�eld
perpendicularto thesurfaceandthe free-electronpictureappliesvery well to thedescriptionof the
surfacestate,includingits spinstructure.

[1] S.LaShell,B.A. MacDougall, E. Jensen,Phys.Rev.Lett.77(1996)3419.
[2] G. Nicolay, F. Reinert,S.Hüfner, P. Blaha,Phys.Rev.B 65 (2001)33407.
[3] M. Muntwiler, M. Hoesch,V. N. Petrov, M. Hengsberger, L. Patthey, M. Shi, M. Falub, T.

Greber, andJ.Osterwalder, J.ElectronSpectrosc.Relat.Phenom.in press(2004).

9.2 Localization of surfacestatesin disorderedsteplattices

in collaboration with: L. Patthey, M. Shi andJ.Krempasky, SwissLight Source,Paul ScherrerInsti-
tut, 5232Villigen, Switzerland

Realsinglecrystalsurfacescontaina varietyof moreor lesscomplex defects.Isolatedmonoatomic
stepsarethemostfrequentimperfectionsoncleansurfaces.It is known thatsuchdefectshaveapro-
foundin�uence on many surface-relatedphenomena,suchasheterogeneouscatalysis,heteroepitaxy
or self assemblyof molecularsuper-structures.However, the underlyingchangesof the electronic
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structurein thepresenceof defectsarestill poorly understood.As a modelsystem,we have investi-
gatedtheelectronicstructureof severalvicinal Cu surfacesthatcanbeobtainedby cuttinga single
crystalundera smallanglewith respectto thedense(111)planes.Suitablyprepared,thesesurfaces
exhibit hexagonallyclosepackedterracesof a few atomicspacingswidth, boundedby amonoatomic
steplattice,wherethelatticeconstantmaybechosenby varyingthemiscutangle.Sincetherepulsive
interactionsbetweenstepsarecomparablewith thermalenergies,�uctuationsin thelatticepositions,
mediatedby diffusionof atomsalongthestepedges,areunavoidable.Thus,steppositionsoscillate
aroundtheirnominallatticepoints,analogousto thermalvibrationsin anatomiclattice.However, the
frequenciesof theseoscillationsaremuchlower thanthoseof latticevibrations,andtheamplitudes
reachvalueswhich would causea singlecrystalto melt. It is thusnaturalto askwhetherelectronic
statesstill propagateundersuchconditionsor whetherthey tendto localize,asexpectedfor amor-
phousor liquid condensedmatter. This allows to studyelectronicpropertiesin a uniquestructural
regime,hardlyaccessibleotherwise.

We usedthe free-electron-like Shockley surfacestateasanelectronicprobeof thedisorderedstep–
lattice.Thisstatehasbeenshown to remainfree-electronlikeonvicinal Cu(111)surfaceswith small
step–stepseparations(< 15	A). In this regime,thestep–latticeis well orderedandthuscanbetreated
asaone–dimensionalsuper–latticewhichcausesaslightly anisotropicdispersionof thesurfacestate,
but doesnot causelocalization. Increasingthe terracewidth to a critical valueof half of the sur-
facestateFermiwave length,werecentlyfoundtheopeningof super–latticebandgap,whichclearly
demonstratesthat a descriptionof the steparraysassuper–lattice is appropriate[1]. On the other
hand,recentexperimentsof Mugarzaetal. revealedthatsurfacestatesonvicinal Au(111)fully local-
izeperpendicularto thestepdirectionfor terracewidths> 30	A, while they remainfree-electron-like
alongthe steps[2]. This resultwasin contrastto earlierexperimentson vicinal Cu, which always
showedfree-electron-like dispersingstates,alsofor terracelengthswherea super–latticedescription
is inappropriate.Analyzingour recentexperimentscarriedoutat theSISbeamlineof theSwissLight
Source,we couldshow thattheroughlyparabolicbandof high intensityobservedpreviously in pho-
toemissionfrom vicinal Cu is not indicative of propagatingstates,but is fully consistentwith theas-
sumptionof lateralquantumwell stateslocalizedonsingleterraces[3]. This is illustratedin Fig. 9.2,
wherewe simulatedphotoemissionThis is illustratedin Fig. 9.2,wherewe simulatedphotoemission

Figure9.2: Simulationof photoemissiondatafromtheShockley surfacestateonCu(665).a) Intensity
distribution for isolatedquantumwellsof 25	A width,assuminga line width of 90meV. b) samefor a
Gaussiandistribution of thewell–width. c) Simulatedintensitydistribution from(b) with a constant
backgroundandmultipliedwith a Fermi function. d) PhotoemissiondatafromCu(665).e),f) EDCs
fromc) andd). g) Fit to a re�ned model(for detailsseeRef. [3]).
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dataexpectedfrom singledecoupledlateralquantumwells,andfrom adistributionof quantumwells
with differentwidths,asfoundon vicinal surfaceswith largestep–stepseparations.Theapparently
parabolicband,whichcloselyresemblestheexperimentaldata,arisesasaconsequenceof thestrong
momentumdependenceof thematrixelementin conjunctionwith theaveragingoverdifferentterrace
sizes.

[1] F. Baumberger, M. Hengsberger, M. Muntwiler, M. Shi,J.Krempasky, L. Patthey,
J.Osterwalder, andT. Greber, Phys.Rev.Lett.92, 016803(2004).

[2] A. Mugarza,A. Mascaraque,V. Pérez–Dieste,V. Repain,S.Rousset,F.J.Garć�a deAbajo,and
J.E.Ortega,Phys.Rev.Lett.87, 107601(2001).

[3] F. Baumberger, M. Hengsberger, M. Muntwiler, M. Shi,J.Krempasky, L. Patthey,
J.Osterwalder, T. Greber, Phys.Rev.Lett., in press.

9.3 Synthesisof onemonolayer of hexagonalboron nitride on Ni(111) fr om
B-trichlor oborazine(ClBNH) 3

in collaboration with: H.U. Suter, Physik Institut derUniversiẗat Zürich, andH. Sachdev, Institut f.
Anorg. Chemie,Universiẗat desSaarlandes,D-66041Saarbr̈ucken,Germany

Single layer h-BN �lms may be grown on Ni(111) by using B-trichloroborazine(ClBNH)3 as a
molecularprecursor[1]. This way of producingstoichiometric,ultimately thin h-BN layersis an
alternaterouteto the useof borazine(HBNH)3 [2; 3]. The handlingof borazine,a reactive liquid,
is not very simple,whereasB-trichloroborazinesublimatesfrom thesolid phase.Thedecomposition
reactionof themoleculesto form theh-BN �lm proceedsat1000K via thepath(ClBNH)3 + Ni(111)
! h-BN/Ni(111) + 3(HCl). Scanningtunnelingmicroscopy (STM) experimentsshow that high
quality �lms canbegrown, asfor themoreestablishedmethodthatusesborazine[4] (seeFig. 9.3).
Theh-BN growth patternsindicateareactionmechanismproceedingvia ring openingof thesecyclic
BN molecules. A set of densityfunctional calculationsfor B-trichloroborazine,borazineand N-
trichloroborazineyields bondenergiesandbondlengthsin thesemoleculesandhelpsrationalizing
thesimilar �lm morphologiesanddefectsirrespectiveof theuseof (HBNH)3 [4] or (ClBNH)3 [1].

Figure9.3: Singlelayerh-BN islandsonNi(111).a) STMimage froma partial coverageof h-BN on
Ni(111)asformedfromB-trichloroborazine(Vsampl e=-0.2V, I t =0.5nA).Thetriangleswith opposite
orientationsareh-BN islandswith B on f ccandB onhcp sites,respectively. b) Correspondinghard
spheremodelsfor thetwo typesof islandswith hcp (left) andf cc(right) domains.From[1].
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[1] W. Auwärter, H.U. Suter, H. Sachdev andT. Greber, Chem.Mater. 16, 343(2004).
[2] A. Nagashima,N. Tejima,Y. Gamou,T. Kawai, andC. Oshima,Phys.Rev.B 51, 4606(1995).
[3] W. Auwärter, T.J.Kreutz,T. Greber, J.Osterwalder, Surf.Sci.429, 229(1999).
[4] W. Auwärter, M. Muntwiler, J.OsterwalderandT. Greber, Surf.Sci.545, L735 (2003).

9.4 Boron nitride nanomesh

A new mesh-like nanostructure(Fig. 9.4a)is foundwhenh–BN is depositedon theRh(111)surface
[1]. The large lattice mismatchof 6.7%betweenthe two systemsis likely the main reasonleading
to its formation. Due to its highly regularperiodicityof 3 nm it is a uniquelink betweenthenano-
andmesoscopicworld, so that it canbeeasilyusedasa templateto organizemoleculesinto supra-
molecularstructures.It is thermallystableup to 1000K andresistantto air exposure.

Figure9.4:
a) Constant–current STM
image(-2 V and1.0nA)of the
h–BNnanomesh.
b) Cross–sectional pro�le
alongthewhiteline in a).
c) Constant–current STM
image (-2 V and 1.5 nA) of
roughlyonemonolayerof C60

adsorbedon thenanomesh.
d) Cross–sectional pro�le
alongthewhiteline in (c).

This structureself-assembleswhenthe cleanRh(111)surfaceis kept at 1070K duringexposureto
40 L of borazine(HBNH)3. Fromthecalibrationwith x–rayphotoelectronspectroscopy of theB1s
andN1ssignalswith respectto Rh3s,a coverageof 1.5ML of h–BN on Rh(111)is calculated.The
analysisof STM imagescombinedwith LEED patterninformationresultsin the following picture:
the hexagonalnanomeshconsistsof two atomicmeshlayerswith a periodicity of 32 � 2 	A which
correspondsto 13 � 13 h–BN unit cellsgrowing on top of 12 � 12 Rh unit cells. Theholediameter
of the top layer is 24 � 2 	A; it may be slightly smallerin the bottomone. The meshwire width is
9 � 2 	A. Thetwo layersareoffset in orderto cover mostof themetalsurface.While the �rst layer
sits�at on thesubstrate,thesecondonebehaveslikeacorrugatedsheetwhich follows theunderlying
topography: it is pulledinto the�rst layerholesandpushedoutwhensuperimposedon the�rst layer
wires. The real heightof the nanomeshcannotbe directly extractedfrom STM imagessuchasthe
onein Fig. 9.4a.Theline pro�le in Fig. 9.4bindicatesthatthestepheightfrom theRh surfaceto the
�rst h–BN layeraswell asfrom the �rst to thesecondlayer is only 0.5 	A. This is dueto electronic
effects,sincetheh–BN layer is aninsulator(in thesensethat thereareno h–BN electronicstatesin
the Rh–dbandregion andat the Fermi level), andthe STM imagesthusre�ect the lateralchanges
of the tunnelingresistancethroughthe nanomesh.The real corrugation canbe observed whenC60

moleculesaredepositedon thestructure(Fig. 9.4c).They decoratethemeshand11 to 13 molecules
arefoundin eachunit cell. Thecorrugationof thelayeris here2 	A (Fig. 9.4d),indicatingh–BN step
heightsasonNi(111) [2].
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[1] M. Corso,W. Auwärter, M. Muntwiler, A. Tamai,T. Greber, J.Osterwalder,
Science303(2004)217.

[2] M. Muntwiler, W. Auwärter, F. Baumberger, M. Hoesch,T. Greber, J.Osterwalder,
Surf.Sci.472(2001)125.

9.5 h–BN/Pd(110):a hexagonalcovalent network on a rectangularsubstrate

The propertiesof hexagonalboronnitride monolayersadsorbedon the Ni(111) surfacehave been
studiedfor several years,becausethis systemrepresentsa modelcasefor a perfectmetal/insulator
junction[1]. Dueto thesmallcompressive latticemismatchof 0.4%,theh–BN formslargeordered
terraceswith a low corrugationof 0.1 	A. In thecaseof h–BN/Rh(111),the largetensilelatticemis-
matchof 6.7%betweenthe two systemsleadsto the formationof the bilayer nanomeshdiscussed
in theprevioussection.Whathappenswhentheh–BN unit cellsaggregateon a non-hexagonaland
incommesuratesubstrate?

On thePd(110),theh–BN unitsdo not �nd a uniqueway to registerwith thesubstrate.As a conse-
quence,they form many differentdomainsof Moiré patternsdistributedrandomlyover thesurface.

Figure9.5:
a) Constant–current STMimage (1.0 V and 1.0 nA) of h–BN/Pd(110)showingtwo different Moir é
patternsseparatedby a domainboundary. Theinsetin thetop right cornerdepictsan atomicmodel
for theupperMoiré domain(see(b) and(c)), theonein thebottomright corner is an atomicmodel
for thelowerdomain.
b) High resolutionSTMimage for a regionof theupperdomain.
c) Atomicmodelfor this samedomain,wherea layerof boronnitride, representedbynitrogenatoms
only, is placedonthesubstrate, rotatedclockwiseby5 degreeswith respectto [001] crystallographic
directionof the Pd(110)surface. In b) it can be seenthat the STMimagesbright ridgesalong the
darker Moiré stripes,leadingto thecontinuousbright stripesin a) for this domain.This is believed
to bedueto anelectroniceffect.

TheLEED patternsrecordedoverawideenergy range(from 50to 300eV) show thateachpalladium
principallatticespotis surroundedbyalargecircle. Thisindicatesthattheh–BNdomainsareoriented
randomlywith respectto the substratesurface. The radii of the circles correspondto the lattice
constantof h–BN.TheMoirédomainsshow clearlyin STM imagesfrom monolayer�lms (Fig.9.5a).
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They areseparatedby domainboundariesthataredecoratedby white featuresof anapparentheight
of 1:8 � 0:3 	A. TheMoiré contrastcanbeunderstoodwith a simpleatomicmodelplacinga h–BN
layer, representedby thenitrogenatomsalone,on top of thePd(110)surfacelayer. By varying the
azimuthalorientationbetween�lm andsubstrate,variousdomainpatternssimilarto thoseobservedin
STM imagescanbegenerated.Thisprocedureis justi�ed sinceit hasrecentlybeenfoundthat,under
similar tunnelingconditions,it is primarily theN atomsthatareimagedby theSTM [2]. Figure9.5b
shows a close-upSTM imageof theupperdomain,with its characteristicMoiré stripesthatarewell
reproducedby themodeldepictedin Fig. 9.5c.

[1] W. Auwärter, OneMonolayerof HexagonalBoron Nitride on Ni(111): an Atomically Sharp
Interface,PhDthesisUniversiẗatZürich (2003).

[2] G. B. Grad,P. Blaha,K. Schwarz,W. Auwärter, T. Greber,Phys.Rev.B 68 (2003)085404.

9.6 Doping induced reorientation of C60 moleculeson Ag(111)

in collaborationwith:
Z.-X. Shen,Physik-Institut, Universiẗat Zürich (while on Sabbatical)and Departmentof Applied
PhysicsandStanfordSynchrotronRadiationLaboratory, StanfordUniversity, Stanford,USA

Alkali–dopedC60 compounds(fullerides)presenta lot of interestingproperties.Dependingon the
concentrationof the dopantthey display metallic or insulatingbehaviour, and they even become
superconductingat temperaturesashigh as the bestconventionalsuperconductors.The variety of
differentelectronicpropertiesobservedhasbeenassignedto thesimultaneousimportanceof electron-
phononandelectron-electroninteractions[1].

Only recentlyit becamepossibleto measurethebanddispersionof thepartially �lled lowestunoccu-
piedmolecularorbital (LUMO) in theelectrondopedC60/K/Ag(111)system[2]. Densityfunctional
calculations(DFT) indicatethat theelectronicbanddispersionis highly sensitive to therelative ori-

Figure9.6:
C 1s XPD patternsfrom one mono-
layerof C60 on theAg(111)surface.
a),b) andc) Experimentalpatternsfor
one undopedmonolayer, K3C60 and
K6C60, respectively.
d) ande)CalculatedSSCpatternsobtainedconsidering
oneinequivalentmolecularorientation: For K3C60 the
moleculefacethesurfacewith thehexagon, for K6C60

with thebondbetweentwo hexagons.TheXPD pattern
fromtheundopedlayer cannotbesolvedwith only one
orientationof themolecule.

entationof neighboringmolecules[2]. In orderto determineexperimentallytheorientationof theC60

moleculeson Ag(111) andto investigatethe role of potassiumasa dopantwe usedangle–scanned
x–rayphotoelectrondiffraction(XPD). This techniquehasalreadyshown to bea very powerful tool
for measuringtheorientationof C60 adsorbedondifferentmetallicsurfaces[3].
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In Figs.9.6a),b) andc) we show theexperimentalpatternsfor threedopinglevels. Thepronounced
differencesrevealthatpotassiuminducesachangein theorientationof themolecule.In theundoped
monolayertheexperimentalpatterncorrespondsto morethanonede�ned orientation.Upondoping
with potassiumthelayergetsorderedandtwo differentorientationscanbeidenti�ed for K3C60 and
K6C60. The single–scatteringcluster(SSC)calculationswereobtainedconsideringoneorientation
(Figs. 9.6d) ande)). They reproducequite well the overall positionsandshapesof the prominent
forward-focusingmaximain theexperimentalpatterns.WhentheLUMO is half-�lled (K3C60) the
moleculesfacethe surfacewith a hexagon. Whenthe LUMO is fully occupied(K6C60) they face
it with a bondbetweentwo hexagons. An azimuthalrotationof the moleculeaway from the high
symmetrycrystalaxesof thesubstrateis foundfor bothdopinglevels. Theorientationfoundin this
analysisfor K3C60 is in reasonableagreementwith thatexpectedfrom theDFT calculations[2]. K2p
XPD revealsthesamechangein theorientationof themoleculesandgivesindicationsfor thedopant
sitesin both cases.The reorientationof C60 inducedby potassiumis importantto understandthe
effectsof dopingon theelectronicpropertiesof fullerides.

[1] O. Gunnarsson,Rev. Mod. Phys.69 (1997)575.
[2] W.L. Yangetal.,Science300(2003)303.
[3] R. Fasel,P. Aebi, R.G.Agostino,D. Naumovic, J.Osterwalder, A. Santaniello,L. Schlapbach,

Phys.Rev.Lett.76 (1996)4733.

9.7 Automateddetermination of coexistinginequivalent orientations of C60 molecules
on Ag(111)

As is exempli�ed in the previous section,XPD hasgreatpotentialfor determiningthe orientation
of largeadsorbedmoleculeson metallicsurfaces,especiallyin thecaseof C60. ExperimentalXPD
patternsareusuallycomparedwith simulatedonesproducedby single–scatteringcluster(SSC)cal-
culations. Using a vasttrial–and–errorstructuresearch,it haseven beenpossibleto determinethe
relativeabundanceof two coexistingorientationsof C60 onaAg(001)surface[1]. Attemptsto �t the
patternrecordedfrom C60 moleculesadsorbedon a Ag(111) surface(seeFig. 9.6a),however, pro-
vidednosatisfactoryconclusionconcerningthemolecularorientations.Oneplausiblecausemightbe
thelimitation of themaximumnumberof coexisting inequivalentorientationsin theavailable�tting
routines.

The scopeof this work hasbeento approachin a more generalway the problemof �tting XPD
patternsto acombinationof simulatedorientations.Onewouldliketo specifyany arbitrarymaximum
numberof coexisting orientationsfor the �t. The routineshouldbe kept asmaterial-unspeci�cas
possible,thusallowing analysisof differentmolecularadsorbatesystems.As in earlierprocedures,
themultipoleexpansionof theexperimentalpatternis comparedwith alinearcombinationof alimited
setof calculatedpatternsrepresentinginequivalentorientations.New featuresincludeminimization
of areliability factorviasimulatedannealingtechniques,therotationof thesimulatedpatternsdirectly
in the spaceof their multipole expansioncoef�cients, andautomaticdeterminationof the relative
abundanceof thepresentorientationthroughfreelyvariableweightfactors.

First testshave shown thattheroutinereliably reproducesarbitrarylinearcombinationsof simulated
patterns.Theabundancesof up to � ve differentorientationswith weight factorsrangingfrom 0.04
to 0.45have beencorrectly identi�ed to within 0.1 percentof the total composition(seeFig. 9.7).
Theapplicationto realexperimentaldatahasbeenhinderedsofar by issuesconcerningtheintrinsic
backgroundof the measurements.A possiblenormalizationprocedureto counterthis problemhas
beenimplemented,but is not yet fully operational.
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Figure9.7: First �tting results:
a) simulatedtestpatternfor C 1semissionfromC60 molecules,representingthelinear combination
of 5 arbitrary inequivalentorientations,
b) the�t resultfor that testpatternand
c) thehistogramshowingthe�tted orientationdistribution.
For all but thecorrectlyidenti�ed 5 orientationsfromthetestpatterntheweightfactorsare< 0.0002.
Theabundancesof the �ve presentorientationshavebeencorrectly identi�ed to within 0.1%of the
total composition.

[1] C. Cepek,R. Fasel,M. Sancrotti,T. Greber, J.Osterwalder, Phys.Rev.B 63 (2000)125406.

9.8 Temperature-dependentcharging of monolayer C60 on h-BN/Ni(1 11)

in collaborationwith: A. Seitsonen,Physikalisch-ChemischesInstitutderUniversiẗatZürich

Monolayerhexagonalboronnitride (h-BN ) on Ni(1 11) representsan atomicallysharpinsulating
layerwith well-known structure(seealsoSection9.3)on a ferromagneticsubstrate.With a metallic
adsorbatedepositedon topof it, it couldform amodelmetal-insulator-metalinterfacefor developing
andtestingchargeandspintransporttheoryacrossmagneticheterojunctions.In contrastto elemental
metalsthat either form three-dimensionalclusterson top of h-BN or intercalateunderneath,C60

formsacompactwettinglayeronh-BN/Ni(1 11) [1]. C60 layersbecomemetallicupondopingwith
alkali metals[2], andaC60/h-BN/Ni(1 11) layerstructuremaythusrepresentsuchamodelsystem.

Figure9.8:
Modelof theadsorptiongeometryof monolayerC60 on
h-BN/Ni(111) (sideview).
Themoleculesarrange themselvesin a commensurate
4 � 4 superstructurewith a latticeconstantof 9.96 	A.

In the line of known C60 monolayersystems,C60/h-BN/Ni(1 11) canberangedbetweenC60 ad-
sorbedonplainmetals,wherethemoleculesarespontaneouslychargedby 1–2electronspermolecule
[3], andinsulatorsor semiconductors,wherethemoleculesremainuncharged[2]. The�lm structure
of C60/h-BN/Ni(1 11) is illustratedin Fig. 9.8.Theelectronicpropertiesof thesystemareillustrated
in Fig. 9.9showing HeI � excitedphotoemissionspectra.Themostprominentfeaturesof thespectra
stemfrom theC60 valenceshell,wherethehighestoccupiedmolecularorbital (HOMO) is markedin
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thegraph.Comparingspectraat differenttemperatures,onenoticesthattheC60 featuresareshifted
to higherbindingenergiesfor thehighertemperature,andthattheleadingedgeof thespectrummoves
above theFermi level. This additionalintensityarisesdueto theLUMO that is shiftedcloserto the
Fermi level, thusproducingspectraldensitythat reachesinto theregion of occupiedstates.A care-
ful analysisof theroom-temperaturespectrashows that theLUMO is occupiedby 0.6 electronsper
molecule,on theaverage.

Figure9.9:
a) Normal emissionphotoemissionspectra (h� = 21:22eV) of the monolayerC60/h-BN/Ni(111)
systemat two different temperatures.Theinsetzoomsinto theFermi level region,where a consider-
abletemperature-dependentshift of theleadingedge is observed.
b) CalculatedLUMO occupancy(red circles),and HOMO peakintensity(greentriangles)versus
inverse temperature. Both quantitiesshowthe samephasetransition at around 200K. The inset
displaysa measured room temperature spectrumdivided by a Fermi-Dirac function, and a �tted
Gaussianwhich indicatesthepositionof theLUMO.

The temperaturedependenceof the LUMO occupancy (Fig. 9.9b)shows a sharptransitionaround
200K. The shapeof the curve, aswell asthe magnitudeof the effect, cannotbe accountedfor by
simplethermalactivation. Rather, the transitionis connectedto a structuralphasetransition. This
is furthersupportedby angle-scannedphotoelectrondiffractionexperiments[4], wherethestructural
phasetransitionis observed in the HOMO intensity curve shown in Fig. 9.9b. From the HOMO
intensity, recordedin normalemission,it is concludedthat the structuralphasetransitioninduces
rockingmotionthatleadsto enhancedchargetransferontothemolecule.Themagnitudeof thecharge
transferis unexpectedlyhigh andposesquestionsthatareaddressedin continuedexperimentaland
theoreticalinvestigations.

[1] W. Auwärter, Onemonolayerof hexagonalboron nitride on Ni(111): an atomicallysharpinter-
face, Dissertation,UniversiẗatZürich (2003).

[2] P. Rudolf,M. S.Golden,P. A. Brühwiler, J.ElectronSpectrosc.Relat.Phenom.100(1999)409.
[3] C. Cepek,M. Sancrotti,T. Greber, J.Osterwalder, Surf.Sci.454-456(2000)467–471.
[4] M. Muntwiler, Nanostructured magnetic interfaces: Casestudiesand new experimentcontrol

software, Dissertation,UniversiẗatZürich (2004).
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9.9 Dir ectdetermination of the absoluteconformation of tartaric acid on Cu(110)

in collaboration with: R. FaselandK.-H. Ernst,SwissFederalLab. for MaterialsTestingandRe-
search(EMPA), Überlandstr. 129, 8600 Dübendorf,and C. Quitmann,SwissLight Source,Paul-
ScherrerInstitut,5232Villigen

Theinteractionbetweenmoleculesandsolid surfacescancausesigni�cant changesof themolecular
shape.While in mostcasesthetopologicalstructurelikethechirality remainsintact,theconformation
may changesigni�cantly andresult in modi�ed functionality of the molecularbuilding blocks[1].
Suchstructuralchangesinvolve torsionsof molecularbondswhich aredriven by the subtleenergy
balancebetweenbondingto preferredsubstratesitesandstressinducedstrainandshearof thesoftest
intramolecularbonds.For theexampleof Pasteur0s tartaricacid(C4H6O6) adsorbedon Cu(110)we
determinedtheabsolutechirality andtheconformationof the two bitartrate(C4H4O6) enantiomers
directly[2]. Thisis obtainedby angle-scannedx-rayphotoelectrondiffraction(XPD) whichmeasures
theanglesof molecularbondswith highaccuracy. Theexperimentreliesonanadvancedsynchrotron
radiationsourcewherea high signal-to-backgroundratio allows the structuredeterminationof low
densityandlow Z moleculesin diluteadsorbatesystems.

Figure9.10:
a),b): ExperimentalC 1sXPDpatterns
fromthe(R,R)-and(S,S)-bitartratead-
sorbedonCu(110),respectively.
c), d): Molecular conformationsfrom
thegeometricalevaluationof theposi-
tionsof theprominentforward-focusing
maximalabeled1-5 in a) andb). Asin-
dicatedbythearrows,each peakcanbe
associatedto photoelectron emission
from oneof the C-atomsand forward-
focusingbya particular O or C atom.
e), f): Best-�t single-scatteringcluster
calculationsfor the (R,R)- and (S,S)-
isomers, respectively. Thesimulations
for theoptimizedmolecularconforma-
tions accurately reproducethe experi-
mentalXPDpatterns.From[2].

Figure9.10shows the experimentalC 1s XPD patternsfrom the (R,R)- and(S,S)-bitartrateenan-
tiomersadsorbedon the Cu(110)surface[2]. Ten prominentintensitymaximaareobserved in the
patterns,andit is obviousthat thepatternsfrom thetwo enantiomersaremirror imageswith respect
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to eachother. Dueto thefact thatstrongintensitymaximacorrespondto emitter-scattererdirections
and that the emitterswereselectedto be the carbonatoms,the conformationof the carbonback-
boneandthepositionsof thehydroxyl-groupsrelative to thecarbon-skeletonareeasilydetermined
from theXPD patternsby applyinggeometricalarguments.In additionto theabsoluteconformation
thatresultsfrom this straightforwardgeometricaltriangulation,detailedstructuralparameterscanbe
determinedby comparingtheexperimentalXPD patternto thoseobtainedvia calculations,systemat-
ically optimizingthestructuralparameters.Theconformationof the(R,R)-bitartrateenantiomeron
Cu(110)aspredictedfrom densityfunctionaltheory(DFT) calculationsthatdid notconsidersubstrate
reconstruction[3] is qualitatively similar to the onedeterminedhere,but with signi�cantly smaller
angulardistortions.

[1] S.M.Barlow andR. Raval, SurfaceSci.Rep.50, 201(2003).
[2] R. Fasel,J.Wider, C. Quitmann,K.-H. ErnstandT. Greber, Angew. Chem.Int. Edit. (in press).
[3] L. A. M. M. Barbosa,P. Sautet,J.Am. Chem.Soc.123, 6639(2001).

9.10 Time-resolvedelectron diffraction: space-chargedynamicsastool for character-
ization

Theexperimentalsetupfor realizinga low-energy electrondiffraction(LEED) experimentwith elec-
tron pulsesof a few picosecondsdurationhasbeencompleted.First trial experimentson Ge(111)
andAg(111)failed,mainly dueto dif�culties in �nding spatialandtemporaloverlapof electronand
pumplight pulses.To overcomethis problem,andin orderto characterizetheelectronpulses,a rel-
atively simpleelectronandlight pulsecorrelationexperimentwasdeveloped.Thesetupis depicted
in Fig. 9.11.Thepulsedelectronbeamis aimedthroughapinholeof 300� m in diameterdrilled into

Figure9.11:Space-chargeexperiment:
Experimentalsetupwith electron gun, pinhole
plateanddetector.

analuminiumplate(thickness1 mm). Behindthepinhole,electronsaredetectedby apositionsensi-
tive resistive-anodedetectorwith microchannelplateampli�er. Energy �ltering is achievedby means
of a singlecoppergrid with negative biasvoltagein front of thedetector. The infraredpumpbeam
(800nm, �uence on thesampleabout10 mJ/cm2 at 250kHz repetitionrate)is focusedinto thepin-
holecreatingspacechargeby thephotoelectriceffect. Photoelectronspectra,recordedwith thesame
light sourcefrom analuminiumplate,showedabroadenergy distributiondueto multiphotonabsorp-
tion, with a maximumkinetic energy of roughly65 eV. Therepulsive spacechargepotentialfelt by
theelectronsfrom thegunproducesa negative lensdecreasingthetransmissionthroughthepinhole.
By recordingthenumberof electronspassingthroughthepinholeasfunctionof delaytime between
thepumppulseandtheelectronprobepulse,thetemporalevolution of thespacechargepotentialis
measured,broadenedby the�nite timespreadof theprobingelectronpulse.In orderto minimizesig-
nal �uctuationsdueto instabilitiesof thelaser, thepumplight is choppedwith afrequency of roughly
1 Hz. The signalmeasuredwith pumplight is normalizedby the signalwithout pumplight. The
experimentswerecarriedoutusingtwo differentelectronguns,onedesignedfor hightimeresolution

9. SURFACE PHYSICS
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at low energies[1], thesecondonebeinga high-energy gun [2]. Thegunsarereferredto hereafter
asLEED–gunandMEED–gun,respectively. Electronsareproducedin both gunsby two-photon-
photoemissionwith thesecondharmonicof thefundamentalwavelengthof theTi:sapphirelaser. In
orderto minimize the temporalbroadeningof thepulsesin theratherlong (30 cm) MEED–gunthe
lenspotentialswereoptimizedby meansof ray-tracingcalculations[3]. Brie�y , immediatelyafter
emissionfrom thecathode,theelectronsareacceleratedto energiesof theorderof 3 keV, anddecel-
eratedto their �nal kinetic energiesat theendof thegun. By this optimization,the total �ight time
of the electronsfrom the cathodeto the samplecould be reducedfrom 48 ns to about27 ns. The
temporalbroadeningwhichshouldscaleaccordinglywasestimateda priori to beof theorderof 150
to 200ps.

Figure9.12:Space-chargeexperiment:
Left: Comparisonof theresultsobtained
for the two electron gunsused(LEED–
gun: green curve, MEED–gun: blue
curve). Thecurveshavebeenscaledto
the sameheightand offset for the sake
of clarity; theredlinesdenote�ts to the
leadingedge.
Right: Best result obtainedso far us-
ing theLEED–gun,theedge hasa total
widthof 19ps.
All curves have been recorded using
electronpulsesof 200eVenergy.

Indeed,�rst measurementsrevealedsizeableeffects as shown in Fig. 9.12. The transmissionof
200 eV electronsshows a steepdecreaseby about30% within 19 ps for electronpulsesfrom the
LEED–gun,followedby anexponentialincrease,�tted with atimeconstantof 54ps.Edgeanddecay
of the curveswere�tted separatlydueto the lack of an analyticalfunctiondescribingthe temporal
evolutionof thespace-chargepotential.It is safeto concludethatthewidth of theleadingedgeof the
dip representsanupperlimit for thetemporalspreadof theelectronpulses.Thevalueof 19 psis not
far from thevalueof 5 pswhichwastheinitial designgoal[1]. It is interestingto notethatthelargest
effectsobservedcorrespondto a transientincreasein transmissionthroughthepinhole,asplottedin
Fig. 9.12for selectedmeasurementswith bothguns.Thetimescalesof leadingedgeandexponential
decayarelargerthanin thecaseof thedip. Weobtain50to 70psfor theleadingedgewith theLEED–
gun indicatingthat thewidth of theedgeis largely determinedby thebuild-up of thespacecharge.
Thedecayhasa timeconstantof about120ps.Thetimeconstantsobtainedwith theMEED–gunare
comparable,103ps for theriseand140ps for thedecay, consistentwith a time-resolutionof about
100psof theMEED–gunoperatedat 200eV. Theincreaseof transmissionis likely to becausedby
chargescloseto the borderof the pinholewhich producea positive lensthat focusesthe incoming
electronbeamand,thereby, increasesthetransmission.Thisconjecturewassupportedby ray-tracing
calculations.Furthermore,curveswith differentshapeslike a peakfollowing a dip andvice versa
have beenobserved,but evena qualitative modelingof thesecomplex shapesis beyondthescopeof
ourresearch.In conclusion,thisexperimentallowsto characterizethetemporalandspatialoverlapof
electronprobeandlight pumppulses.Furthermore,thewidth of narrow featuressetsanupperlimit
for thetemporalbroadeningof electronpulses.Themethodrepresentsasimpleandpowerful tool for
futuretime-resolvedelectrondiffractionexperiments.
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[1] R. Karrer, H.J. Neff, M. Hengsberger, T. Greber, andJ. Osterwalder, Rev. Sci. Instr. 72, 4404
(2001).

[2] M. Aeschlimann,E. Hull, C.A. Schmuttenmaer, J.Cao,Y. Gao,D.A. Mantell,andH.E. Elsayed-
Ali, Proc.SPIE2521,103(1995).

[3] SIMION software package,IdahoNationalEngineeringLaboratory, EG&G Idaho Inc., Idaho
Falls.
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10 Physicsof Biological Systems

CornelAndreoli,ConradEscher, Hans-WernerFink, MichaelKrüger,
TatianaLatychevskaia(sinceMarch2004),HiroshiOkamoto,ThomasRusterholz,

GregoryStevens(sinceNovember2003),SandraPascaleThomann(sinceMarch2004).

in collaborationwith:
JevgeniErmantraut,ClondiagChipTechnologies(Germany), PierreSudraud,OrsayPhysics(France),
RogerMorin, CNRSMarseille(France),JohnMiao,StanfordUniversity(USA),DieterPohl,Univer-
sity of Basel,AndreasPlückthun,PeterLindner, BiochemistryInstitute,Universityof Zurich,NCCR
- NationalCenterof Competencein ResearchNano-ScaleScience

A fair amountof dedicatedequipmenthasbeencompletedin the courseof the pastyear and the
group is now focusingon its scienti�c goalswhich remainto be in the explorationof nanometer-
sizedobjects. The nanometer-scaleis a uniquescalefor condensedmatterphysics in asmuchas
it representsthe transitionbetweenclassicaland quantummechanicalphysics. At this scale,the
transportof chargesnow relatesto thetransmissionof wavesin quantumwires.ThedeBrogliewave-
length,respectively thevalueof Planck's constantandthatof theelectronmass,identify this unique
lengthscale.Singleelectroneffectsbecomeapparentonly at thenanometer-scalewhich is directly
relatedto the discretenatureanddistinct valueof the elementarycharge of the electron. By using
techniqueslike �eld ion microscopy andholography with low energy electrons,in combinationwith
othermoreestablishedtools,wearenow in apositionto addresstheaboveissues.A specialemphasis
of the group's efforts is relatedto biological systems.We have recentlybeenableto quantitatively
exploretheenergeticsof individual DNA moleculesin liquids asillustratedin somedetailbelow. In
our efforts to establishthe LEEPS(Low Energy ElectronPoint Source)microscopy asa new tool
for structuralbiology, we have madeprogressin �tting bacteriophages,that will eventuallyact as
templatesfor imagingsingleproteins,ontonano-structuredthin �lms. A focusedion beammachine,
deliveredin summer2003,enablesusto employ a 10 nm gallium ion beamfor milling structuresin
silicondevicesor otherthin-�lm materialsto createsuitablestructuresfor interfacingmolecules.

10.1 Studiesof singleDNA moleculein liquids

Theactivationfreeenergy governingthetransitionfrom thestretchedto therandomcoil con�guration
of individual DNA moleculeshasquantitatively beendetermined.Fromthetemperaturedependence
of the transitiontimesit is apparentthat the formationof theDNA randomcoil is a thermallyacti-
vatedprocess.A total of 420observationshave beenmade,which werecarriedout on 80 different
individual DNA moleculescovering the temperaturerangefrom � 5 C� to +60 C� . The dataindi-
catethat theobservedtransitionsarein fact thermallyactivated,which is evident from anArrhenius
type behavior. From the Arrheniusplot an activation barrierof a good fraction of 1 eV hasbeen
determined.With this, the �rst directdeterminationof theenergeticsgoverningan individual DNA
moleculein its naturalliquid environmenthasbeenmade.

Theexperimentshave beenperformedusing�uorescentvideomicroscopy with a time resolutionof
40ms.This technique,pioneeredby StevenChuof StanfordUniversity, is meanwhileemployedby a
few laboratoriesaroundtheworld to studythedynamicsof singleDNA molecules.However, to study
theenergeticsof singlemolecules,sometechnicalchallengeshadto bemastered.Themainproblem
wastherealizationof thermalequilibriumconditionsfreefrom disturbancesof theobservationpro-
cessitself, aswell asthe ability to changeandmeasurethe equilibrium temperature.Furthermore,
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Figure10.1:Schematicof theset-upfor measur-
ing theenergeticsof singleDNA molecules.Ex-
cept for the objectivelens,mostof the optical-
and data acquisition-systemis not shownhere.
Four temperaturesensorsareemployedto estab-
lish equilibriumin a thin water�lm. Thetemper-
ature of thepeltier elementis adjustedto a �xed
valueby a PID controller. The temperature at
theplacewhere thescenariooccurs is thencali-
bratedagainstthepeltier stage temperature, the
heatsink,madeup of theobjectivelensandthe
immersion oil drop, and the temperature of the
surroundingair. - ConradEscher

in providing aproperdistancereference,stretch-
ing the moleculesin an electric �eld prior to
re-establishingequilibriumandroutinemethods
for anchoringthe 16 � m long and 2 nm thick
moleculesat oneendhadto be developed. At-
tachmentof theDNA at oneendto a �x edposi-
tion wasessentialfor beingableto derive suf�-
cientstatisticsto obtainquantitative energy val-
ues. This hasbeenachieved in a closecollab-
oration with Clondiag Chip Technologiesthat
provided us with stateof the art molecularbi-
ology techniquesfor bindingjust oneendof the
moleculeto a silicon oxide substrate.The ex-
perimenttakesplacein a liquid environmentin
which a single DNA moleculeis embeddedin
just a few pico-liters of ultra pure water. It is
partof a 10 � m thick water�lm which is sealed
from the environmentto avoid evaporationand
associatederratic liquid �o w which would per-
turb theequilibriumconditions,essentialfor de-
riving quantitativefreeenergy data.A schematic
of partof theapparatusis illustratedin Fig. 10.1.

10.2 Towards the limits of holography with low energy electrons

Theuseof a coherentsingle-atomelectronsourcefor low energy electronshasdevelopedinto a tool
thatappearsto beparticularlyusefulfor investigating individual objectsof nanometer-sizeddimen-
sions.Theabsenceof radiationdamagedueto thelow energy of theelectronsandthehighcontrastin
scatteringby light atomsholdspromiseasa new tool for structuralbiology of individual molecules.
Thesensitivity to smallelectricandmagnetic�elds, combinedwith thehigh spatialandtime resolu-
tionof thetechnique,will alsobeusedto explorethepropertiesof mesoscopicphysicsobjects,suchas
quantumwiresandsingleelectrondevices.Thisprojectaimsat reachingtheexperimentalresolution
limit of this technique,whichwill thenbemadeavailableto otherprojects,bothinsideandoutsideof
our researchgroup.Theultimatelimit is givenby thespatialandtemporalcoherenceof thesource.It
relatesto thesizeof thesourceandtheenergy spreadof theemittedelectrons,whichis fundamentally
limited only by theHeisenberg uncertaintyrelationship.In orderto comecloseto this fundamental
limit, which is associatedwith atomicresolutionin 3 dimensions,a numberof experimentalissues
needto beaddressedandnew technologiesdeveloped.They include:shieldingthecoherentelectron
sourcefrom externalmechanicalandelectronicnoise,developinga new two-dimensionaldetector
for low energy electronsandimproving the angularspreadof the coherentelectronwave-frontsby
adsorbingC60 clustersonto theatomicpoint-source.Thenumericalwork of TatianaLatychevskaia
is directedtowardstheimportantsecondstepin holography, namelythereconstruction.This implies
employing appropriatecoherentopticsschemesfor reconstructingthe3-dimensionalstructureof the
nanometer-sizedobjectfrom its experimentalelectronhologramrecord.

10. PHYSICSOFBIOLOGICAL SYSTEMS
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10.3 CryogenicLEEPS microscopy

Thisprojectprimarily aimsatimproving theresolutionof room-temperatureLEEPS-microscopy, tak-
ing advantageof theextraordinarymechanicalstability of cryogenicinstrumentsandthepossibility
of utilizing novel schemesto effectively reducetheenergy spreadof theelectronpoint source.

The project began in February2002, and we have completedthe constructionof the instrument
in June2003. Since then we have beentesting the microscope. The specially designedpiezo
steppingmotor system,togetherwith the com-
putercontrolsystemhavebeenthoroughlytested
at roomtemperatureaswell asatcryogenictem-
peraturesdown to 4:2 K. Thedif�culty of using
a micro-channelplate(MCP) at cryogenictem-
peraturesmadeit necessaryto searchfor an al-
ternative detector. A post-accelerationdetection
systemutilizing a micron-scalemetallic mesh
hasbeensuccessfullydevelopedin collaboration
with diploma student Thomas Rusterholz[1].
With this detectionsystemwe obtainedreason-
able image quality at an emissioncurrent of
10 nA. We have alsoobservedelectroninterfer-
encefringesnearcarbon�bers at roomtempera-
ture, and we expect to seeinterferencefringes
at cryogenic temperaturesin the near future.
Theinstrumentaltestingphasewill becompleted
within a few months,andwe canthenmove on
to thescienti�c investigationsof novel methods
in electronmicroscopy andits applicationto bi-
ology.

Figure10.2:TheCryogenicLEEPSmicroscope.
- HiroshiOkamoto

[1] ThomasRusterholz,Ein neuerDetektorfür Holographiemit langsamenElektronen,
diplomathesisPhysik-InstitutderUniversiẗatZürich,January2004.

10.4 Structur eof individual bio molecules

Thepurposeof this projectis to develop toolsandmethodsto imageindividual bio-moleculeswith
a coherentlow energy electronbeamto obtainstructuralinformation.As a �rst step,novel methods
needto be developedto attachindividual macromoleculesto surfaces. Theseinvestigationshave
begunwith a �lamentousphagecalledM13, which is to beattachedto a carbonsupport�lm sothat
individual phageparticlesaresuspendedover holesin the �lm sothey canbe imagedusingthe low
energy electronbeam. The distribution of attachedphageparticlesis beingcharacterizedusinga
transmissionelectronmicroscope(TEM).

Sincebeginning the project in November2003, we have prepareda homogeneoussuspensionof
M13 phageusinga standardprotocolandhave developeda methodfor makingholesof a desired
size and shapein carbonsupport�lms using a focusedion beam. We have investigatedways of
pre-treatingthe carbon�lm by glow discharge in air so as to impart a hydrophilic propertyto the
surfacethatis necessaryfor attachmentof M13 andotherbio-moleculessuspendedin aqueousmedia.
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Figure10.3:TEM(TransmissionElectronMicroscopy)imagesof individualM13phageparticlessus-
pendedacrossholesin a carbon�lm. Thesampleswerenegativelystainedwith uranylacetate, which
hasformedintoa �lm acrossthe hole (a). In the casewhere the negativestain did not form a �lm
acrossthehole(b), theM13 �lamentswere foundto lie in bundlesacrossandaroundtheedge of the
hole3. - GregoryStevens.

We have examinedthedependenceof phageconcentrationon thedistribution of particlesdeposited
onto carbon�lms and can obtaineven distributions of particlesat a preferreddensity. As shown
in Fig. 10.3a,we have obtainedTEM imagesof individual phageparticlessuspendedacrossholes
in a carbon�lm that weresubsequentlyembeddedin a �lm of negative stain. In caseswherethe
negative stain �lm wasabsent,phageparticleswere found to adhereto the edgeof the hole after
drying, asshown in Fig. 10.3b. We have shown how surfacetensionin a water�lm is responsible
for rearrangementof �laments that were previously suspendedover holes,after part of the water
�lm breaksduringdrying. In orderto overcomesuchrearrangementduringdrying,we arecurrently
investigating methodsfor rapidly freezingthe specimenand then sublimatingthe surroundingice
undervacuumsothatphageparticlesremainundisturbed.

Wehavebeguntoaddressconcernsthatbio-moleculesmayundergosigni�cant conformationalchanges
whenplacedin thevacuumenvironmentof a LEEPSmicroscopeby showing thatGreenFluorescent
Protein(GFP)retainsits ability to �uoresceafterseveraldaysin a vacuum.In future,GFPmaybe
usedfor investigatingtheextentof radiationdamageto biologicalmaterialin theLEEPSmicroscope.
We arecurrentlyexaminingthepossibilityof attachinglysine residueson theexterior of thephage
coatto agoldsurfaceusingN-hydroxy-succinimide(NHS)chemistry. To this end,wehaveobtained
a mutantof a related�lamentousphagef1, which hasbeengeneticallyengineeredto have extra ly-
sineresidueson its surface. This might be usefulfor attachinggold nanoclustersof known sizeto
thesurfaceof thephagefor purposesof calibratingimages,or to preventrearrangementof phagesby
stronglyattachingthemto agoldsubstrate�lm.

3We gratefully acknowledgethe Institutesof VeterinaryAnatomyandVirology, University of ZÈurich, for the useof
their facilitiesin makingtheseimages.
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10.5 Nanometer-sizedstructur esfor creatingand investigatingmesoscopicphysicsde-
vices

This effort is directedtowardsdirectly observingthe dynamics
of individual chargesin mesoscopicdevices,like quantumdots,
wiresor singleelectrontransistors.Singlechargesandtheir as-
sociated�elds areexpectedto bevisualizedby holography with
low energy electrons.What is neededfor sucha programis a
quantumdot weaklycoupledto at leasttwo electricalleadsby a
tunnelbarrier. Our focusedion beamappearsto beinvaluablein
achieving that. Fig. 10.4shows a carbonnanotubethathasbeen
cut usingthefocusedgallium ion beam.Thenext stepwill beto
trap an appropriatesmall metalclusterin this gap andto make
surethat it is weaklycoupledvia two tunnel-barriersto the two
nanotubeselectrodes.
Another approachis to usehighly orientedpyrolytic graphite
(HOPG) sheetsand the focusedion beamto in-situ fabricate
quantumwires andmeasuretheir propertiesin particularin re-
lation to ballistic electrontransport.An exampleof this effort is
shown in Fig. 10.5.

Figure10.4:
A freestandingmulti-wall car-
bonnanotubehasbeendeposited
over a slit in a SiN-membrane
and subsequentlybeencut by a
focusedion-beam.
- MichaelKrüger.

While thepreparationof thestructureaswell asthetransferto themicrostructurewith theintegrated
electrodesis now routinely possible,no currenthasyet be detectedup to a biasof 70 V. Unfortu-
nately, justaswith molecularelectronicsstructures,thecontactresistancesappearto beaparticularly
puzzlingproblemat thisscale,whichneedsto besolved.

Figure10.5: HOPG sheetsstructured by a focusedion beam,removedby a precisionmanipulator
andsubsequentlydepositedontoa silicondevicefor electricalmeasurements.

10.6 Field ion microscopy

Our �eld ion microscope,previously beingusedonly to characterizeour electronpoint sources,has
now two dedicatedpurposes.They are being pursuedby SandraThomannand Cornel Andreoli.
The �rst andmajorgoal is the investigationof theadsorptionof singleC60 clustersontopyramidal
tungstentips, from which we expectto learnsomethingaboutsinglemoleculeadsorptioneventsas
well asto obtainsuperiorcoherentelectronsources.This work startedin March2004andbene�ted
from the expertiseof the InstitutesSurfaceSciencegroup, in particularfrom ThomasGreberand
AnnaTamai.Basedon their experiencein handlingthesublimationof C60 clusters,CornelAndreoli
andKurt Bösigerdesignedandbuild a C60 evaporatorparticularto our needs,namelyin beingfree
from disturbinglight emissionduringsublimationof theclusters.Thesecondprojectinvolving �eld
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ion microscopy is the investigation of electrolytetips for creatingnovel ion sources.Herethe ion
supplyis providedby mobilebulk ions insidetheelectrolyte.This hasdistinctadvantagesover the
ionisationfrom gasphaseatoms.This work is carriedout in collaborationwith DieterPohlfrom the
PhysicsInstituteof Baselandhadjuststartedbeforetheendof thisreportperiod.However, it already
appearspromising.

Figure10.6:Field emissionmicroscopeto studythediffusionof individual Csatoms(left). Essential
parts of the detectorsystemsare a �ber optic plate (middle),donatedto us by Shott-Glasswith 5
micron thick �bers, anda �ne phosphorouspowder(right) of about1 micron grain size, donatedto
us by the medicalsciencedivision of Siemens.- Hiroshi Okamoto,Cornel Andreoli, ChanMei Po
(summer-studentin 2003).

10.7 Field emissionmicroscopyto study the diffusion of Csadsorbedon tungstensur-
faces.

A �eld emissionmicroscopeis dedicatedfor students'experimentsin associationwith the lecture
seriesentitled”PhysicsontheNanometer-Scale”.It allowsthestudentsto measurethe�eld emission
currentfrom a region of some10 nm in diameter. The�uctuation of thecurrentis directly relatedto
thediffusionof Csatomsenteringor leaving theprobearea.Fromtheautocorrelationof this signal,
the diffusion coef�cient canbe evaluatedat differenttemperatures,startingat 80 K. This projectis
underthesupervisionof Hiroshi Okamotowho bene�tedfrom occasionalhelpof summerstudents.
With theassistanceof theUniversityglassblower DanielSchnarwiler, CornelAndreoli managedto
build a quite original detectorfor this experiment,in asmuchaseach�bre of the platetransmitsa
signalcorrespondingto a sub-nanometerregion of thesurfaceon which themotionof just a few Cs
atomstakesplace. The studentscanthusde�ne a 10 nm diameterregion to be probedby simply
takinga blackpieceof paperwith anappropriateholeof mm dimensionat theatmosphericsideof
thedetector. In this way they canprobethe�eld emissioncurrentfrom a nanometer-sizedregion by
usingaphotomultiplierto pick up thesignaldeliveredfrom a few hundredsof these�bres.

The experimentis expectedto becomeavailable to the studentsshortly after the �rst courseon
”Physicson thenanometer-scale”is completed,which is afterthesummer-semester2004.

10.
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11 Computer AssistedPhysics

C. Bersier, T. Mayer, P. F. Meier, E. Olbrich,S.Renold,andE. Stoll
guests:T. A. ClaxtonandH. U. Suter

In this report,wewantto concentrateon thefollowing researchtopics:

- Interpretationof thepropertiesof hightemperaturesuperconductivity materialsusingspin-polarized
ab initio calculations.Theaim of this work is to provide insight into theparticularmicroscopic
electronicstructureof cuprates.

- Non-lineardynamicalstudywith particularreferenceto time seriesanalysisof electroencephalo-
gramsin collaborationwith two groupsof theMedicalFaculty.

We selectively reporton thechargedistribution in La2CuO4 beforedoping(11.1.1),muonsitesand
hyper�ne �elds in La2CuO4 andSr2CuCl2O2 (11.1.2),on thecalculationof magnetichyper�ne cou-
pling constants(11.1.3),andon resultsof timeseriesanalysisof sleepEEG(11.2).

11.1 Electronic structur eof high-Tc materials

11.1.1 On the distrib ution of intrinsic holesin cuprates

La2CuO4 is insulatingbut becomesmetallic andsuperconductinguponreplacinga few percentof
La3+ by Sr2+ or Ba2+ . The simplistic ionic modelfor the puresubstancerelieson the ions Cu2+ ,
O2� andLa3+ , theonly holein theelectroniccon�gurationbeinglocalizedonCu2+ in the3d9 atomic
con�guration. Thesameassignmentis madefor thecopperin theCuO2 planesin YBa2Cu3O6, the
parentcompoundof the yttrium high-Tc family. To investigatethe validity of this modelwe have
performed�rst principlesdensityfunctionalcalculationson theLa2CuO4 crystal,simulatedby using
theCu5O26/Cu8La34 cluster(a pictureof a similar clustercanbe found in thenext subsection)and
haveanalyzedthechargedistribution in detail.

Thereare5 Cu atomsand26 oxygenatomsin theclusterbut for our discussionwe selectonly those
atomsat thecenterof theclusterfor consideration.Thoseatomscloseto theperipheryof thecluster
arenotaccountedfor sincethesewill includeeffectsexpectedfrom theclusteredge.Thisclusterhas
� veunpairedelectronsleadingto achoiceof possiblemultiplicities,M = 2, 4 or 6. (M=6 corresponds
to a“ferromagnetic”alignmentof thespins,whereasM=4 leadsto an“antiferromagnetic”alignment.)
We list in Table11.1 the total atomchargesfor the central copperandneighboringoxygenatoms
in La2CuO4 which, in the presentreport,are for simplicity determinedasaveragesof the charges
resultingfrom multiplicitiesM=4 andM=6. A moredetailedanalysismaybefoundin Ref. [1].

Table11.1: Mullikenchargesfor Cuandfor Op andOa, theplanarandapicaloxygens,respectively,
for La2CuO4.

Cu Op Oa

1.16 -1.64 -1.94
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Table11.2: Partial Mullikenpopulationsfor Cu andfor Op andOa, theplanarandapical oxygens,
respectively.

Cu Op Oa

4s 3d3z2 � r 2 3dx2 � y2 2s 2pk 2pz

0.49 1.92 1.40 1.96 1.68 1.95

Furthermore,we presentin Table11.2thecorrespondingMullik enpartial populationsfor thoseor-
bitalsfor which they deviateappreciablyfrom theionic picture.

The Mullik en charges in Table 11.1
suggestthat 0.84 electronsare trans-
ferredto theoxygenatoms(Fig.11.1).
This resultshouldbeviewedwith ex-
tremecautionif we continueto asso-
ciatepartialoccupancy of orbitalswith
holes.For exampleusingtheMullik en
populationdatain Table11.2thehole
is distributed60% in the Cu 3dx2 � y2

copper orbital, 9% in the 3d3z2 � r 2

copperorbital, 64% in the four pla-
nar oxygens2pk orbitals (parallel to
the bond) and 10% in the two apical
oxygen2pz orbitals,which is clearly
nonsense.

(a)

+2

-2

-2

-2 -2

-2

-2

0.18

0.06

(b)

1.16

-1.94

-1.94

-1.64 -1.64

-1.64

-1.64

Figure 11.1: (a) shows, using a simplistic model, the
charge transferof 0.84electronsfromoxygenanions(� 2)
to a coppercation (+2) as a result of covalent bonding.
Thecharge transfers pointing awayfrom the planar oxy-
gen anionsare to other planar coppercationswhich are
not shown. Charges resultingfrom the hole transferare
givenin (b).

In orderto proceedfurtherweneedto constructamolecularorbitalenergy diagramof thecopperion
andits six nearestneighboroxygenionswhich leaveslittle roomfor doubtandexplainsthecharge
transferobserved.As is normalin similar circumstancesweconcentrateonly on thefrontierorbitals,
thehighestoccupied,andfor copperalsoatleastthelowestunoccupiedorbitalsof theinteractingions.
Thereis no dif�culty with the Cu2+ ion sincethe qualitative orbital energy diagramhasremained
unchangednow for many years(seefor exampleRef. [2]) and is shown on the left handside of
Fig. 11.2for Oh andD4h symmetry. Notethatwe have addedthecopper4s orbital, theunoccupied
orbital of lowestenergy .

In Table11.2only the four planaroxygen2pk orbitalsandthe two apicaloxygen2pz orbitalshave
signi�cantly reducedpopulationsfrom completeoccupancy, which indicatesthatonly theseoxygen
frontier orbitalsaresigni�cantly involved in bonding.We de�ne eachof these2p orbitalsin sucha
waythatthephasesof thelobespointingtowardsthecentralcopperatomarethesame.Fortunatelyin
Oh symmetrywe canform six symmetryadaptedorbitalseasily. Let thesymmetryadaptedorbitals
berepresentedby � andthe2p orbitalsby � sothat

� = U �

whereU is aunitary6� 6 matrix. Themoduli of thenon-zeroelementsof eachrow of thematrixare
all identicalandsoweonly requirethesignof theseelements.Thesearegivenin Fig.11.3for each� .
Theenergiesincreaseasa functionof thenumberof nodalplanesin eachselection.� 1 hasno nodal
planes,� 2; � 3; � 4 haveonenodalplaneand� 5; � 6 havetwo nodalplanes.Thesearedrawn onthe
extremeright of Fig.11.2,thatalsoshows,immediatelyto theleft, how thedegeneraciesarelifted for
D4h symmetry. Only the4s (a1g) and3dx2 � y2 (b1g) orbitalson thecopperareavailablefor bonding

11. COMPUTERASSISTEDPHYSICS
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Figure 11.2: Interaction of the atomic orbitals of
copperwith thesymmetrycombinationsof thesur-
roundingoxygenhybrid orbitals. Thedashedlines
indicate the primary interactions which remain
evenin Oh symmetry. Thesecondary(smaller)in-
teractionsare shownby dottedlines. Bondingand
anti-bondingcombinationsof theorbitalsof thepri-
mary interactionsexplain the occupancyof the 4s
orbital andthetransferof theholefromthe3dx2 � y2

orbital to oxygens(� 6 only).
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Figure 11.3: The signsof the orbital coef�cients
for the variouscombinationsof hybrid orbitals of
theoxygenatoms.Theabsenceof a sign indicates
a zero coef�cient. Thehybrid orbitals are de�ned
such that the phasepointing towards the copper
atomhaveall thesamesign.

sincethesearenot completelyoccupied.All
the oxygen� orbitals are completelyoccu-
piedandcanonly interact,if allowedby sym-
metry, by donatingelectronsinto vacantor
partially occupiedorbitals on copper. The
only interactionsin Oh symmetry are 4s–
� 1 and3dx2 � y2 –� 6. Thesearealsoallowed
in D4h symmetry and are regarded to be
the dominantinteractions. Secondaryaddi-
tional interactionsarisingfrom the reduction
in symmetryto D4h are4s–� 5, 3d3z2 � r 2 –� 5

and3d3z2 � r 2 –� 1.
Sincethe hole, from the ionic model,origi-
natesfrom the 3dx2 � y2 copperorbital there
is only one interaction involving the hole:
3dx2 � y2 –� 6. This uniquely restricts the
transferfrom thecopperto theplanaroxygen
2pk orbitals(seede�nition of � 6 in Fig.11.3).
The Mullik en populationanalysisclearly in-
dicatesthat 40% of the hole hasbeentrans-
ferredto theplanaroxygens(seeFig. 11.4for
moredetail),andnone,by this mechanismto
the axial oxygensleaving 60% on the cop-
per. Sincea hole transferis accompaniedby
anelectronchargetransferin theoppositedi-
rectionweconcludethatof the0.84electrons
transferredfrom theoxygensto copper, 0.40
electronshavebeenaccountedfor by thehole
transfer. Theremaining0.44electronscorre-
spondalmostexactly to the Mullik en 4s or-
bital populationof 0.49 electronswhich can
be associatedwith the dominant4s–� 1 in-
teraction. The discrepancy of 0.05electrons
canbeattributedto thesecondaryinteractions
whichalsoinvolve the3d3z2 � r 2 orbital.

As concernspindensitieswenotethatpspin [Cu(4s)]= 0.03.Thiscanbeinterpretedasarisingfrom a
spinpolarizationstemmingfrom theunpairedelectronin the3dx2 � y2 -� 6 anti-bondingorbital, rather
thana direct involvementin theholetransfer. However theeffect on thehyper�ne couplingconstant
is disproportionatelylarge. Theresultantspin in the4s orbital polarizestheelectronsin the3s and
to aminorextentin the2s and1s orbitals.Theon-sitecontacthyper�ne �eld is negative (-1.78a� 3

B )
but thereexistsa positive �eld that is transferredfrom nearestneighborcopperions(+0.71a� 3

B ). A
detailedanalysisof thesecalculatedspin transfershasbeengiven in [3; 4]. Here,we �rst notethat
thetheoreticalresultsarein very goodagreementwith thevaluesderivedfrom theNMR data[5; 6].
WefurthernotethatPavarini etal. [7] haveemphasizedtheimportanceof the4s orbital in intra layer
hopping.

The hole distribution, which is predominantlycenteredon the 3dx2 � y2 orbital on copper, should
sensitively affect theEFGat thecoppernucleus(seereference[3]) sincethis propertyis dependent



96 Physik-Institut der Universität Zürich

on the1=r3 function.
Therelatively highsymmetry(D4h)of
the immediateoxygenanionenviron-
ment of copper cations, represented
by the distorted octahedral cluster
CuO10�

6 in La2CuO4, enables the
hole distribution to be uniquely and
unambiguouslyassociatedwith the
Cu 3dx2 � y2 orbital andthe symmetry
adaptedoxygen orbital � 6 from a
qualitative molecular orbital energy
diagram. The diagram also allows
for the participationof the formerly
unoccupiedCu 4s orbital in receiving

(a)

+2

-2

-2

-2 -2

-2

-2

0.09

(b)

1.65

-2

-2

-1.82 -1.82

-1.82

-1.82

Figure11.4: (a) showsthe transferof 0.0875holesfrom
thecoppercationto each of theplanaroxygenanionsaris-
ing fromthebondinginvolvingtheCu3dx2 � y2 orbital and
the oxygen valenceorbitals. ThecorrespondingMulliken
chargesresultingfromtheholetransferis givenin (b).

electronsdirectly from two doublyoccupiedoxygenorbitals,without spinpreference.It shouldnow
be clear that analysisof charge alonecannotdeterminethe hole distribution. Theseresultsare in
agreementwith, and provide an explanationfor, the Cu 4s orbital populationfrom both previous
bandstructureandcurrentclustercalculations.

11.1.2 Muon sitesand hyper�ne �elds in La2CuO4 and Sr2CuCl2O2

Positive muonsaresensitive probesof local internalmagnetic�elds in solidsandmuonspinrotation
(� SR) experimentshave provided valuableinsight into the microscopicnatureof magnetismin a
varietyof substances,in particularalsoin cuprates.A disadvantageof the� SRmethod,however, is
thatthesitein thecrystallographiclatticeatwhich themuonstopsis notknown. This is irrelevantfor
thestudyof theinternal�elds of �ux line latticeswherethedistancesbetweenthe�ux coresaremuch
larger thanthe dimensionof the crystallographicunit cell. For the investigation of local magnetic
�elds in zeroor smallapplied�elds, however, aknowledgeaboutthemuonstoppingsiteis necessary.
Today, possiblemuon sitesare estimatedby comparingthe measuredlocal �eld with the dipolar
�eld generatedin vacuoby localizedmagneticmomentsat thecopperpositions.Themagnitudeand
directionsof thesemomentsaredeterminedfrom neutronscatteringdata. The assumptionthat the
local magnetic�elds at muonsresultprimarily from theseremotemoments,however still requires
justi�cation. We have thereforeextendedourclustercalculationson cupratesby inclusionof a muon
at varioussitesandhave determinedthe total energy allowing for lattice relaxationof neighboring
atoms.

For thelanthanumcompoundLa2CuO4 a smallcluster, � CuO6/Cu4La10, with only onecopperatom
in the coreanda larger cluster, � Cu5O26/Cu8La34, which contains� ve copperatomsandis shown
in Fig. 11.5 have beencalculated. The smallerclusterwasusedto determinethe relaxed geome-
try, whereasin the larger onethe hyper�ne parameterswerecalculated.The correspondingstron-
tium clustersto simulatemuonsin Sr2CuCl2O2 werealsostudied,namely� CuO4Cl2/Cu4Sr10 and
� Cu5O16Cl10/Cu8Sr34. Theelectronicstructurecalculationusesa hydrogenatomfor thesimulation
of themuon,sincetheelectronicwavefunctiononly dependsonthechargeandpositionof theatoms.
Threemuonsiteswereinvestigated.The�rst position,which is depictedin Fig. 11.5andcalledsite
(A) is in thebondbetweenthecopperandtheapicaloxygen.Sites(B) and(C) whichhavebeenpro-
posedbefore[8] arefurtheraway from theCuO2 plane.Thetotal energy, however, is lowestfor site
(A). Thegeometryoptimisationresultedin pushingtheCu by 0.34aB (0.08)below theCuO2 plane
andmoving theO upwards0.43aB (0.52)(wherethenumbersin parenthesesrefer to Sr2CuCl2O2).

11. COMPUTERASSISTEDPHYSICS
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Thus, contrary to the generalbelief, the bond
centeredposition of the muon is preferred. A
similar site has beenattributed to the anoma-
lous muoniumin semiconductors.In the case
of the lanthanumcompoundthe muon is close
to theappex oxygenatom,suggestingan(O� ) �

type species. From a chemicalviewpoint one
would interpretthis con�guration at this site as
an (OH)� closeto theCu2+ ion. For thestron-
tium compoundthis is notpossible,thereforethe
muonis closerto thein–planecopperatom.
A comparisonof thedifferentgeometriesin the
two materialsshows that thecalculateddistance
of themuonfrom thecopperwherethemagnetic
momentsare centered,is larger in La2CuO4

La

O

Cu

m

Figure11.5:TheHCu5O26/Cu8La34 clusterwith
thehydrogen(muon)at positionA.

thanin Sr2CuO2Cl2 by a factorof 1.21. Sinceboth transferredanddipolar �elds decreasewith the
third power of the distance,oneexpectsfrom thesegeometriessmaller�elds in La2CuO4 than in
Sr2CuO2Cl2 by roughly a factor two. This comparesfavourablywith the observed ratio of about
threefor theexperimentalhyper�ne couplingconstantsof thetwo compoundsandexplainsthelarger
frequenciesfoundin thestrontiumcompound.

We further notethat the small massof the muonimplies a large spreadof its quantum-mechanical
ground-statewave function. This mustbeaccountedfor in moreprecisetheoreticalestimatesof the
spindensitiesat themuon.

In summary, the ab-initio cluster calculationsshow transferredhyper�ne �elds at muon sites in
La2CuO4 whicharein disagreementwith thecommoninterpretationof � SRexperimentsin cuprates.
This is not completelysurprisingsincea largeamountof informationabouton–siteandtransferred
hyper�ne �elds in cupratesis available: numerousnuclearmagneticresonance(NMR) experiments
have beenperformedin thevery samesubstanceswhich wereexploredby � SR,yet it seemsthatthe
progressin understandingNMR datahassofarbeenignoredby the� SRcommunity.

11.1.3 Investigationsinto static NMR propertiesin cuprates

NMR measurementsof thecopperKnight shift in cupratesexhibit anamazingpeculiarity. With the
externalmagnetic�eld appliedparallelto theCuO2 planestheKnight shift declinesin thesupercon-
ductingstatewith decreasingtemperatureasis expectedfrom thereductionin thespinsusceptibility.
With the�eld perpendicularto theplanes,however, theshift is independentof thetemperaturein all
compoundsof theLa- andY- family irrespective of thedopinglevel. This hasbeenexplainedby an
incidentalcancellationof an on-siteanda transferredhyper�ne �eld at the coppernucleus.These
quantities,however, dependon thelatticeparametersandit is astonishingthat thesamecoincidence
shouldoccurin bothfamilies.

Clustercalculationshave the advantagethat relative changesof magnetichyper�ne couplingcon-
stants(MHCC) uponchangesin latticeparameterscanbeinvestigated.Thereforewe have extended
previous calculationsof MHCC in La2CuO4 [9] andYBa2Cu3O7 to includealsoSr2CuO2Cl2 and
YBa2Cu3O6.[10] Additional calculationshave beenperformedin clusterswith arti�cially stretched
andsqueezedplanarlatticeconstanta0 = f � a andb0 = f � b, with f 2 (0:99; 1:01). Furthermore,a
La2CuO4 clusterwassetup with anarti�cally buckledCuO2 plane. In this way thebehavior of the
MHCCsunderlatticedistortionscouldbeobserved.
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Selectedresultsfor thetransferredhyper�ne coupling,B , andtheon-sitedipolarinteraction,A k
dip at

theplanarcoppernucleiarepresentedandplottedagainstthelatticeconstantin Figs.11.6and11.7.
As expected,thetransferredhyper�ne interactiondropsin all compoundswhenincreasingthelattice
constant.However, in theyttrium basedcompounds,thetransferred�eld is muchsmallerthanin the
othertwo compounds.Interestingly, B dropsalsouponanarti�cial buckling of theplanesin theLa
compoundasindicatedby theredcrosses.

The on-sitedipolar interaction,Ak
dip getsalsoweaker whenenlarging the unit cell andscalesquite

well with the lattice constant. It is seenthat the buckling hasonly a minor effect on the dipolar
interaction.
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Figure11.6:Theoretical(opensymbols)andexperimental(closed
symbols)valuesfor the transferred copperhyper�ne interaction
(left panel)and for theon-sitedipolar coupling(right panel)for
variouscupratesplottedagainstthelatticeparameters.
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Figure11.7:Correspondingre-
sultsfor thetotal copperhyper-
�ne interaction.

As a conclusion,we think that thecurrentexplanationof a temperatureindependentKnight shift in
c-directionmaybe in error. Theproposalof a largeresidualshift at low temperaturescouldhelp in
establishinganew understandingof thespinpropertiesin cuprates.

In Fig. 11.7, the total hyper�ne interactionalong the c-axis is displayed. It is zeroneitherin the
lanthanumcompoundnor in the yttrium compounds.The anisotropy of the total hyper�ne interac-
tion especiallyfor YBa2Cu3O7 ([Ak

tot + 4B ]=[A?
tot + 4B ] ' 4) shows that the non-zerohyper�ne

interactionshouldbe observablein NMR experiments.Furthermorethe buckling of the lanthanum
compounddrasticallychangesthetotal hyper�ne interaction.

In conclusion,a cancellationof hyper�ne �elds for all cupratescannotbecorroboratedby our calcu-
lations.ThetransferredinteractionB hasthelargestin�uenceontheanisotropy of thetotalhyper�ne
�elds. Therefore,it seemsreasonableto assumethat- in a �rst approximation- theon-sitehyper�ne
�elds areessentiallyof thesamesizein all cuprates.

11.2 Time seriesanalysisof EEG

Researchon time seriesanalysisof EEGdatawascenteredon thefurtherinvestigationof oscillatory
eventsin thehumansleepEEG.This researchis conductedin closecollaborationwith theinstituteof
pharmacologyandtoxicology.

Sleeposcillations,suchas delta waves, K-complexes or sleepspindlesare typical patternsin the
sleepEEG,whichareamainingredientfor thede�nition of sleepstagesandmighthaveanimportant
function with regard to processesof synapticplasticity during sleep,i.e. for learningandmemory
consolidation[11]. Thereforetheir detection,thecharacterizationof their propertiesandappropriate
modelsfor their dynamicsareimportantfor a furtherunderstandingof their role in sleep.

11. COMPUTERASSISTEDPHYSICS
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Usinga new algorithmfor thedetectionof oscillatoryeventsbasedon adaptive autoregressive mod-
eling we studiedthechangesof their propertiesthroughoutthenight. Fig. 11.8shows anexampleof
onenight with theeventsdenotedasdotsat a particulartime andfrequency. In the lower panelthe
hypnogram,i.e. thesleepstages,areshown.
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Figure11.8:Meanfrequencies(top)andeventdensities(middle)of theoscillatoryeventsfor thethree
frequencybandsfor onenight. Thedottedlinesin theupperpaneldenotethelimits of thefrequency
bands.Thegrey pointsmarkfrequencyandtimefor singleevents.

We found thatoscillatoryeventsoccurredessentiallyin threefrequency bands:sigma(11.5-16Hz,
sleepspindles),alpha(8-11.5Hz) and delta (0.75-4.5Hz, delta waves and K-complexes). Their
incidenceshowed only small intra- but large interindividual differences:the largestinterindividual
differenceswere found with respectto alphaevents,we found individualswith a large amountof
alphaeventsin sleepstages3 and4 (alpha-deltasleep),individualswith only asmallamountof alpha
eventsin REM sleepandsleepstage1 andindividualswith almostnoalphaeventsatall.
The left panelof Fig. 11.9 illustratesthe sleepstagedependenciesof the meanevent densitiesand
their meanfrequenciesfor the threetypesof events. The incidenceof sleepspindlesis maximal
for sleepstage2 and the incidenceof delta eventsincreaseswith the deepeningof sleep. While
this behavior is in agreementwith standardknowledgetheobservedfrequency behavior is lesswell
known. Thepropertiesof theoscillatoryeventsdependnot only on thesleepstagesbut alsoon the
time duringthenight,which canbestudiedby distinguishingthedifferentREM-NREM cycles.See
thehypnogramin Fig 11.8for anexample. This night shows � ve completecycles. Theright panel
of Fig. 11.9shows theresultsfor sleepstage2. Theobservedchangesof thepropertiesof oscillatory
eventsduringsleepareimportantfor adeepeningof ourunderstandingof slow processesduringsleep
connectedto synapticplasticity.
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12 Mechanical Work-
shop

K. Bösiger, B. Schmid, B. Lussi,
M. Schaffner, R. Meier (since Oc-
tober 2003), P. Treier, B. Wachter
(left in October2003),RamonCaro
(apprentice),A. Rochat(�nished his
apprenticeshipandleft in December
2003)andR. Reichen(apprentice)

Last year the workshopwasmainly
engagedin thedevelopmentandcon-
struction of several new laboratory
experiments for the medical stu-
dents.We producedpartsfor exper-
imentsto illustratethephysicalprin-
ciples of the blood circulation sys-
tem,theelectrocardiogram,of ultra-
sound,of X-rays,thehumaneyeand
of an optical spectrometer. In par-
ticular, theconstructionof theblood
circulation systemwas a time con-
suming and demandingjob. Fig-
ure 12.1 shows the various assem-
blies.First,aprototypeof eachappa-
ratuswasbuilt, testedandoptimized.
Then 15 piecesof eachexperiment
weremanufactured.
In fall 2003alathewasreplacedwith
a new computercontrolledmachine
(seeFig. 12.2). With themodernin-
frastructureof themechanicalwork-
shopweareableto solveall kindsof
demandingmechanicalproblemsin
relation to the projectsdescribedin
this report.Projectsfrom otherinsti-
tutesandprivateinstitutionsarealso
worked on. Theseprovide somein-
comefor theinstitute.In additionthe
workshopsuppliesover 30 institutes
with metalandothertechnicalmate-
rial4.

Thebloodcirculationexper-
iment.

Parts of the blood circula-
tion experiment.

Optical bench with the
model of the human eye.
The focal distance is
adjustable.

Setupwhich is usedto mea-
sure the equipotentiallines
for different electrical �eld
con�gurations.

A prism optical spectro-
meter.

Setup to study ultrasonic
sound.

Figure12.1:
New laboratoryexperimentsfor medicalstudents

Thenew lathe. A closerlook.

Figure12.2: Thenew lathe

4For acatalogueseehttp://www.physik.unizh.ch/groups/werkstatt/dienstleistung.html
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Figure 12.3: Total view of thecircu-
lar saw on its stand.

Figure 12.4: Closerlook at thesaw-
ing tablewith thebuilt in measuring
system.

Figure 12.5: Supportplate for the
productionof the cooling balconies
of the LHCb inner tracker. Eight
piecesaremachinedin parallel.

Figure 12.6: Gluing tool for the
LHCb detectorinner tracker during
machiningon themill.

In the last reportwe presentedthe projectof an apprentice
exam work, which concludesthe apprenticeship.The can-
didateshave to do it in their homeworkshop. This work
wassuccessfullycarriedout in May 2003.Figures12.3and
12.4show thecompletedcircularsaw with adiamondblade,
which is now usedin theworkshopto cut specialmaterials.
A selectionof other �nished andongoingprojectsis listed
below:

- SurfacePhysics(GroupOsterwalder, Sec.9)
For this grouptheprioritieswererepairandmaintenance
work.

- Physicsof Biological Systems(GroupFink, Sec.10)
Different mechanicalinfrastructurewas manufactured
andsometestsetupswerebuilt.

- LHCb inner trackingdetector(GroupStraumann,Sec.4)
Variouspartsfor teststandsweremanufacturedandthe
massproduction of parts of the detectorsystemwas
startedat the endof 2003. So far, mainly cooling bal-
coniesandgluing toolsareproduced.

12.
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13 ElectronicsWorkshop

W. Fässler, H.P. Meyer, P. Soland,K. Szeker

Apart from maintenanceandrepairwork for the groupsat
the institute and someof their collaboratorsthe workshop
built equipmentfor the new medicalstudentlaboratoryex-
periments.Severalprintedcircuit boardsweredesignedand
manufactured.A currentsource,which canbeusedboth in
AC andDC modeanda �lter preampli�er weredeveloped
andbuilt (Fig. 13.1).
Theworkshopmaintainsandrenews (togetherwith L. Pauli
andJ. Seiler, who areresponsiblefor thepreparationof the
experiments)also the equipmentused for demonstration
experimentsin the lecturehall. Threelecturehalls for the
coursesin experimentalphysics,including the oneusedfor
themedicalstudents,have meanwhilebeenequippedwith a
�e xible computerizedreadoutsystem,which allows a clear
presentationof themeasurements.Figure13.4shows asan
examplethewatervapourpressurecurve,measuredduringa
lectureon thermodynamics.

A selectionof projectsfor the differentgroupsis listed be-
low:

- Physicsof Biological Systems(GroupFink, Sec.10)
Thecontrolsystemfor thehighvoltagesupplyusedfor a
piezodrivewasbuilt.

- SuperconductivityandMagnetism(GroupKeller, Sec.7)
A laboratoryspectrometerwasequippedwith acomputer
controllablemotorpowersupply.

- SurfacePhysics(GroupOsterwalder, Sec.9)
A solutionfor aGHzwidebandampli�er wasevaluated.

- Particle Physicsat DESY/HERA(H1) (Groups Strau-
mannandTruöl, Sec.3)
The workshopwas involved in the productionandinte-
grationof the new seriesof CIP readoutelectronicsand
thecompletionof thesystem.It alsoincludesacratecon-
troller for thelow voltagepowersupply.

- High-precision CP-violation Physicsat LHCb (Group
Straumann,Sec.4)
Differenttestsetupswerebuilt andthelayoutfor a �e xi-
ble printedcircuit boardwith a �ne pitch of 182� m was
designed.

Figure13.1: AC-DC current source
for the medical studentlaboratory
experiments.

Figure 13.2: Printed circuit board
for the setupto measure equipoten-
tial lines.

Figure 13.3: Setupto measure the
conductivityof different�uids.
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Figure13.4: Vapour pressure curve
measured during a lecture on ther-
modynamics.
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14 Publications

14.1 Research group of Prof. C. Amsler

Articles

- Positronplasmadiagnosticsandtemperaturecontrol for antihydrogenproduction
M. Amoretti et al. (ATHENA Collaboration),Phys.Rev.Lett.91(2003)055001.

- Detectionof antihydrogenannihilationswith a cryogenicpure-CsIcrystaldetector
C. Regenfus,C. Amsler, A. Glauser, D. Grögler, D. Lindelöf, H. Pruys,
Nucl.Instr.Meth.A504(2003)343.

- Limitson theneutrinomagneticmomentfromtheMUNU experiment
Z. Daraktchievaetal. (MUNU Collaboration),Phys.Lett.B564(2003)190.

- A measurementof theneutrinomagneticmomentat theBugey nuclearreactor
O. Link, InauguralDissertation,UniversiẗatZürich,2003.

- TheATHENA antihydrogenapparatus
M. Amoretti et al. (ATHENA Collaboration),Nucl.Instr.Meth.A518(2004)679.

- Annihilationat restof antiprotonsandprotonsinto neutral particles
C. Amsleretal. (CRYSTAL BARREL Collaboration),Nucl. Phys. A 720(2003)357.

- Productionanddecayof � 0(958) and� (1440) in �pp annihilationat rest
C. Amsleretal. (CRYSTAL BARREL Collaboration),Eur.Phys.J.C33 (2004)23.

- Mesonsbeyondthenaivequarkmodel
C. AmslerandN. A. Törnqvist,PhysicsReports389(2004)61.

- High rateproductionof antihydrogen
M. Amoretti et al. (ATHENA Collaboration),Phys.Lett.B578(2004)23.

- Antihydrogenproductiontemperaturedependence
M. Amoretti et al. (ATHENA Collaboration),Phys.Lett.B583(2004)59.

- A cryogenicsiliconmicrostripandpure-CsIdetectorfor detectionof antihydrogenannihilations
C. Regenfus,Nucl.Instr.Meth.A501(2003)65.

- Developmentof APDreadoutfor pure-CsIcrystalsat cryogenictemperatures
A. Glauser, Nucl.Instr.Meth.A504(2003)347.

- Studyof theHamamatsuavalanchephotodiodeat liquid nitrogentemperatures
A. Dorokhov, A. Glauser, Y. Musienk,C. Regenfus,S.ReucroftandJ.Swain,
Nucl.Instr.Meth.A504(2003)58.

- New Developmentsin Vertex Reconstructionfor CMS
R. Frühwirth,K. Proko�ev, T. Speer, P. VanlaerandW. Waltenberger,
Nucl.Instr.Meth.A502(2003)699.

- Vertex reconstructionframeworkandits implementationfor CMS
T. Boccali,R. Frühwirth,W. Waltenberger, K. Proko�ev, T. Speer, P. Vanlaer,
Proc.Conf. onComputingin High Energy andNuclearPhysics,La Jolla(2003).
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- New vertex reconstructionalgorithmsfor CMS
R. Frühwirth,W. Waltenberger, K. Proko�ev, T. Speer, P. Vanlaer, E. Chabanat,N. Estre,
Proc.Conf. onComputingin High Energy andNuclearPhysics,La Jolla(2003).

- TheAtlasandCMStrackers
ThomasSpeer, Proc.5th Int. Conf. onHyperons,CharmandBeautyHadrons,Vancouver (2002),
Nucl. Phys. (Proc.Suppl.)115(2003)318.

- First productionanddetectionof coldantihydrogenatoms
M.C. Fujiwaraet al. (ATHENA Collaboration),Proc. Int. Conf. on Low Energy Antiproton
Physics(LEAP'03), Yokohama,Japan,Nucl.Instr.Meth.B214(2004)11.

- Temperaturedependenceof antihydrogenproductionin theATHENA experiment
G. Bonomiet al. (ATHENA Collaboration),Proc. Int. Conf. on Low Energy AntiprotonPhysics
(LEAP'03), Yokohama,Japan,Nucl.Instr.Meth.B214(2004)17.

Articles in press

- Testsof siliconsensors for theCMSpixeldetector
A. Dorokhov etal.,Nucl.Instr.Meth.A,preprintphysics/0311050.

- PositionDependenceof ChargeCollectionin PrototypeSensors for theCMSPixelDetector
T. Roheetal., IEEE-TNS7, preprintphysics/0312009.

- Detectionof antihydrogenannihilationswith a Si-microstripandpureCsIdetector
I. Johnsonetal. (ATHENA Collaboration),World Scienti�c.

- DesignandTestof theCMSPixelReadoutChip
M. Barberoetal.,Nucl.Instr.Meth..

- Studyof antiprotonannihilationonneutronsinto ! � � � 0

C. Amsleretal. (CRYSTAL BARREL Collaboration),Phys. Lett. B.

- Review of Particle Physics
S.Eidelmanetal. (ParticleDataGroup),Phys. Lett. B.

- Light exoticmesons
C. Amsler, Proc.QuarkCon�nementandtheHadronSpectrumV, Gargnano,2002,World Scien-
ti�c.

- Vertex reconstructionin CMS
E. Chabanatetal.,Proc.vertex 2003,Low Wood,Cumbria,UK, 2003,Nucl.Instr.Meth..

- A Gaussiansum�lter for vertex reconstruction
T. Speer, IX Int. Workshopon AdvancedComputingandAnalysisTechniquesin PhysicsRe-
search,ACAT03,Tsukuba,Japan,2003,Nucl.Instr.Meth..
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Invited Lectures

- C. Amsler: Glueb̈alle
Invited talk, PhysikalischeGesellschaftZürich,19.06.03.

- C. Amsler: Experimentalevidencefor a largecontentof gluein thef0(1500)meson
Colloquium,Budker Instituteof NuclearPhysics,Novosibirsk,12.9.03.

- C. Amsler: Antihydrogen
Colloquium,Budker Instituteof NuclearPhysics,Novosibirsk,19.9.03.

- C. Amsler: Exoticmesons
Seminar, Laboratoryof TheoreticalPhysicsof Sobolev Institutefor Mathematics,24.9.03.

- C. Amsler: Antihydrogen
Colloque,Universit́edeNeucĥatel,10.11.03.

- C. Amsler: Fabricationd'antimati�ereauCERN
Conf́erenced'orientation,EPF-Lausanne,28.1.04.

- V. Chiochia:Testsof siliconsensors for theCMSPixelDetector
Invited talk, 3rd Workshopon radiationhard semiconductordevices for very high luminosity
colliders,CERN,4.11.03.

- I. Johnson:Detectionof antihydrogen annihilationswith a Si-micro-strip and pure CsI crystal
detector
Invited talk, 8th ICATPP Conferenceon Astroparticle,Particle, SpacePhysics, Detectorsand
MedicalPhysicsApplications,Como,Italy, 9.10.03.

- A. Dorokhov: Testsof siliconsensors for theCMSpixeldetector
Invited talk, 6th InternationalConferenceonLargeScaleApplicationsandRadiationHardnessof
SemiconductorDetectors,Florence,Italy 30.11.03.

- C. Regenfus:ColdAntihydrogenfor probingworld antiworldsymmetry
Colloque,Universit́edeFribourg, 21.5.03.

- V. Chiochia:TheCMSPixelDetector:Overview andTestBeamresults
Seminar, DESY, 5.12.03.

- T. Speer:A Gaussiansum�lter for vertex reconstruction
Invited talk, IX Int. Workshopon AdvancedComputingand Analysis Techniquesin Physics
Research,ACAT03,Tsukuba,Japan,4.12.03.

ATHENA Collaboration (2003):
M. Amoretti,C. Amsler, G. Bonomi,A. Bouchta,P. Bowe,C. Carraro,C. L. Cesar, M. Charlton,M.
Doser, V. Filippini, A. Fontana,M. C. Fujiwara,R. Funakoshi,P. Genova,J.S.Hangst,R. S.Hayano,
L. V. Joergensen,I. Johnson,V. Lagomarsino,R. Landua,E. Lodi Rizzini, M. Macri, N. Madsen,
P. Montagna,H. Pruys,C. Regenfus,P. Riedler, J. Rochet,A. Rotondi,G. Rouleau,G. Testera,A.
Variola,D. P. vanderWerf

MUNU Collaboration (2003):
C. Amsler, M. Avenier, C. Broggini, J. Busto,C. Cerna,Z. Daraktchieva, G. Gervasio,P. Jeanneret,
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G. Jonkmans,D.H. Koang,J. Lamblin, D. Lebrun,O. Link, F. Ould-Saada,G. Puglierin,A. Stutz,
A. Tadsen,J.-L.Vuilleumier

CRYSTAL BARREL Collaboration (2003):
C. Amsler, C. A. Baker, B. M. Barnett,C. J. Batty, P. Blüm, K. Braune,V. Cred́e, K. M. Crowe, M.
Doser, W. Dünnweber, D. Engelhardt,M.A. Faessler, R. P. Haddock,F. H. Heinsius,N. P. Hessey,
D. Jamnik,H. Kalinowsky, P. Kammel, J. Kisiel, E. Klempt, H. Koch, M. Kunze,U. Kurilla, R.
Landua,H. Matthäy, C. A. Meyer, F. Meyer-Wildhagen,R. Ouared,K. Peters,B. Pick,M. Ratajczak,
C. Regenfus,J. Reinnarth,A. Sarantsev, U. Strohbusch,M. Suffert, J. S. Suh,U. Thoma,S. Wallis-
Plachner, D. Walther, U. Wiedner

PARTICLE DATA Group (2003):
K. Hagiwara,K. Hikasa,K. Nakamura,M. Tanabashi,M. Aguilar-Benitez,C. Amsler, R.M. Barnett,
P.R.Burchat,C.D.Carone,C. Caso,G. Conforto,O. Dahl,M. Doser, S.Eidelman,J.L.Feng,L. Gib-
bons,M. Goodman,C. Grab,D.E.Groom,A. Gurtu,K.G. Hayes,J.J.Hernandez-Rey, K. Honscheid,
C. Kolda, M.L. Mangano,D.M. Manley, A.V. Manohar, J. March-Russell,A. Masoni,R. Miquel,
K. Mönig,H. Murayama,S.Navas,K.A. Olive,L. Pape,C. Patrignani,A. Piepke,M. Roos,J.Tern-
ing, N.A. Törnqvist,T.G.Trippe,P. Vogel,C.G.Wohl, R.L. Workman,W.-M. Yao

14.2 Research group of Prof. H. Keller

Articles

- Site-selectiveoxygenisotopeeffecton themagnetic�eld penetrationdepthin underdoped
Y0:6Pr0:4Ba2Cu3O7� �

R. Khasanov, A. Shengelaya,E. Morenzoni,M. Angst, K. Conder, I.M. Savi ć, D. Lampakis,
E. Liarokapis,A. Tatsi,andH. Keller, Phys.Rev.B, 68, 220506(R)-1-4(2003).

- Relevanceof electron-latticecouplingin cupratesuperconductors
T. Schneider, R. Khasanov, K. Conder, andH. Keller,
J.Phys.: Condens.Matter15, L763-L769(2003).

- Observationof theConductionElectronSpinPolarizationin theAgSpacerof a Fe/Ag/FeTrilayer
H. Luetkens,J. Korecki, E. Morenzoni,T. Prokscha,M. Birke, H. Glückler, R. Khasanov, H.-
H. Klauss,T. Slezak,A. Suter, E.M. Forgan,Ch.Niedermayer, andF.J.Litterst,
Phys.Rev.Lett.91, 017204-1-4(2003).

- Vortex motionin typeII superconductorsprobedbymuonspinrotationand“SANS”
E.M. Forgan,D. Charalambous,P.G.Kealey, P.J.C.King, R. Khasanov, andA. Amato,
PhysicaB 326, 342-345(2003).

- Muoniumformationat keVenergies
T. Prokscha,E. Morenzoni,N. Gari�anov, H. Glückler, R. Khasanov, H. Luetkens,andA. Suter,
PhysicaB 326, 51-54(2003).

- Lowenergymuonsasprobesof thin �lms andnearsurfaceregions
E. Morenzoni,R. Khasanov, H. Luetkens,T. Prokscha,A. Suter, N. Gari�anov, H. Glückler,
M. Birke,E. Forgan,H. Keller, J.Litterst,Ch.Niedermayer, andG. Nieuwenhuys,
PhysicaB 326, 196-204(2003).
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- Diffusionof muonsin metallicmultilayers
H. Luetkens,J. Korecki, E. Morenzoni,T. Prokscha,N. Gari�anov, H. Glückler, R. Khasanov,
J.Litterst,T. Slezak,andA. Suter, PhysicaB 326, 545-549(2003).

- Excesselectron transportin cryoobjects
D.G.Eshchenko, V.G.Storchak,J.H.Brewer, S.P. Cottrell,andS.F.J.Cox,
Low Temp.Phys. 29, 185-195(2003).

- Excitedmuoniumstatein CdS
D.G.Eshchenko, V.G.Storchak,S.P. Cottrell,andS.F.J.Cox,Phys.Rev.B 68, 073201-1-4(2003).

- Weaklyboundmuoniumstatein GaP
V.G.Storchak,D.G.Eshchenko, R.L. Lichti, andJ.H.Brewer,
Phys.Rev.B 67, 121201(R)-1-4(2003).

- Relationshipbetweenthe isotopeeffectson transitiontemperature, speci�c heatandpenetration
depths
T. Schneider, Phys.Rev.B 67, 134514-1-7(2003).

- Three-Spin-PolaronsandTheirElasticInteractionin Cuprates
B.I. Kochelaev, A.M. Sa�na,A. Shengelaya,H. Keller, K.A. Müller, K. Conder,
Mod. Phys. Lett. B 17, 415-421(2003).

- On theeffectof heterovalentsubstitutionin ruthenocuprates
P.W. Klamut, B. Dabrowski, S.M. Mini, M. Maxwell, M. Mais, I. Felner, U. Asaf, F. Ritter,
A. Shengelaya,R.Khasanov, I. Savic, H. Keller, A. Wisniewski,R.Puzniak,I. Fita,C.Sulkowski,
andM. Matusiak,PhysicaC 387, 33-39(2003).

- Directobservationof theoxygenisotopeeffecton thein-planemagnetic�eld penetrationdepthin
optimallydopedYBa2Cu3O7� �

R. Khasanov, D.G. Eshchenko, H. Luetkens, E. Morenzoni,T. Prokscha,A. Suter, M. Mali,
J.Roos,K. Conder, andH. Keller, Phys.Rev.Lett.92057602-1-4(2004).

- Estimationof thesurface-dto bulk-scrossover in themacroscopicsuperconductingwavefunction
in cuprates
K.A. Müller, J.Supercond.17, 3-6 (2004).

- Finite-sizeeffectin Bi2Sr2CaCu2O8+ � andYBa2Cu3O6:7 probedbythein-planeandout-of-plane
penetrationdepths
T. SchneiderandD. Di Castro,Phys.Rev.B 69, 024502-1-7(2004).

- Probing inhomogeneitiesin typeII superconductors by meansof thermal�uctuations, magnetic
�elds, andisotopeeffects
T. Schneider, J.Supercond.17, 41-48(2004).

- Coexistenceof magnetismandsuperconductivityin Eu1:4Ce0:6RuSr2Cu2O10: A muonspinrota-
tion andmagnetizationstudy
A. Shengelaya,R. Khasanov, D.G. Eshchenko, U. Asaf, I.M. Savi ć, H. Keller andK.A. Müller,
Phys.Rev.B 69, 024517-1-6(2004).

- TwoBandSuperconductivityin MgB2: BasicAnisotropicPropertiesandPhaseDiagram
M. AngstandR. Puzniak,in FocusonSuperconductivity, ed.B. P. Martines,Vol. 1 (NovaScience
Publishers,New York, 2004)(pp. 1-49).
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Articles in press

- Anisotropicpropertiesof MgB2 by torquemagnetometry
M. Angst,D. Di Castro,R. Puzniak,A. Wisniewski, J. Jun,S. M. Kazakov, J. Karpinski,S. Ko-
hout,andH. Keller, PhysicaC.

- Themysteryof superconductivityin thecupratesevincedby Londonpenetration depthsmeasure-
ments
T. Schneider, Proceedingsof the InternationalSchoolof Physics, on The Physicsof Complex
Systems(new advancesandperspectives), Varenna,Italy, 1-11July, 2003.

- Granular superconductivityin the cupratesevincedby �nite sizeeffectsin the speci�c heatand
Londonpenetrationdepths
T. Schneider, Proceedingsof the Nato AdvanceResearchWorkshopon Symmetryand Hetero-
geneityin High-TemperatureSuperconductors, Erice,Italy, 4-10October, 2003.

- Evidencefor granularity, anisotropyandlattice distortionsin cupratesuperconductors andtheir
implications
H. Keller andT. Schneider, Proceedingsof theNatoAdvanceResearchWorkshopon Symmetry
andHeterogeneityin High-TemperatureSuperconductors, Erice,Italy, 4-10October, 2003.

Diploma and PhD theses

- Studiesof theoxygen-isotopeeffecton themagnetic�eld penetration depthin cupratesupercon-
ductors
RustemKhasanov, Dissertation,Physik-Institut,UniversiẗatZürich,2003.

- Beobachtung einer metallischen Phase in schwach dotiertem La2� xSrxCuO4 anhand von
elektronenparamagnetischerResonanz
MariaBruun,Diplomarbeit,Physik-Institut,UniversiẗatZürich,2003.

Conferencereports

- Anisotropicsuperconductingpropertiesof MgB2 by torquemagnetometry
M. Angst, D. Di Castro,R. Puzniak,A. Wisniewski, J. Jun, S. M. Kazakov, J. Karpinski, S.
Kohout,H. Keller,
M2S-HTSC-VII7thInternationalConferenceonMaterialsandMechanismsof Superconductivity
andHigh TemperatureSuperconductors,Rio deJaneiro,Brazil, 25-30May, 2003.

- Anisotropicsuperconductingpropertiesof MgB2 singlecrystalsby torquemagnetometry
M. Angst, R. Puzniak,A. Wisniewski, D. Di Castro,S. Kohout,H. Keller, J. Jun,S. M. Kaza-
kov, J. Karpinski,MaNEPtopicalmeeting:Materials:preparation,characterizationandspeci�c
properties,Neucĥatel,Switzerland,25-26June,2003.

- Disorderdrivenphasetransitionof vortex matterin MgB2

M. Angst,R. Puzniak,A. Wisniewski, J.Jun,S.M. Kazakov, J.Karpinski,
Third InternationalConferenceonMagneticandSuperconductingMaterials(MSM03),Monastir,
Tunisia,1-4September, 2003.
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- Mixedstateanisotropiesof thetwo-bandsuperconductorMgB2

M. Angst,R. Puzniak,A. Wisniewski, D. Di Castro,S.Kohout,H. Keller, J.Jun,S.M. Kazakov,
J.Karpinski,2003SwissWorkshoponMaterialswith Novel ElectronicProperties,LesDiablerets,
Switzerland,September29 - October1, 2003.

- Studyof theboron isotopeeffecton themagneticpenetrationdepthin MgB2

D. Di Castro,M. Angst, D.G. Eshchenko, R. Khasanov, J. Roos, I.M. Savi ć, A. Shengelaya,
S.L. Bud'ko, P.C. Can�eld, K. Conder, J.Karpinski,S.M. Kazakov, R.A. Ribeiro,andH. Keller,
2003SwissWorkshoponMaterialswith Novel ElectronicProperties,LesDiablerets,Switzerland,
September29 - October1, 2003.

- Torquemagnetometricmeasurementsof OxygenIsotopeEffectsin La2� xSrxCuO4 and
YBa2Cu4O8 singlecrystals
S. Kohout,D. Di Castro,M. Angst, J. Roos,J. Karpinski, K. Conder, T. Sasagawa, H. Keller,
2003SwissWorkshoponMaterialswith Novel ElectronicProperties,LesDiablerets,Switzerland,
September29 - October1, 2003.

- Pressureeffecton in-planemagnetic�eld penetrationdepthin YBa2Cu4O8

R. Khasanov, D.G. Eshchenko, D. Di Castro,D. Andreika, K. Conder, S. Kazakov, K. Pom-
jakushina,I. Savić, T. Straessle,R. Tetean,andH. Keller, 2003SwissWorkshopon Materials
with Novel ElectronicProperties,LesDiablerets,Switzerland,September29 - October1, 2003.

- Changeof YBaCuOCunuclearquadrupoleresonanceparametersbyimmersionof YBaCuOpow-
dergrainsinto a nonconductivematrix
M. Mali, J.Roos,H. Keller, K. Conder, 2003SwissWorkshoponMaterialswith Novel Electronic
Properties,LesDiablerets,Switzerland,September29 - October1, 2003.

- Low frequencycharge �uctuationsin themillikelvin temperature regionexhibitedbystrongplane
Cunuclearquadrupolerelaxationobservedin YBa2Cu4O8

M. Mali, J.Roos,H. Keller, A. Volodin,A. Egorov, A.V. Dooglav,
2003SwissWorkshoponMaterialswith Novel ElectronicProperties,LesDiablerets,Switzerland,
September29 - October1, 2003.

- Measurementsof superconductingpropertieson under- and overdopedLa2� xSrxCuO4 single
crystalsby torquemagnetometry
S.Kohout,T. Sasagawa,K. Conder, H. Keller,
Annualmeetingof theSwissPhysicalSociety, Neucĥatel,Switzerland,3-4March,2004.

- SingleCrystal11B-NMRStudyof MagnesiumDiboride
S.Str̈assle,J.Roos,M. Mali, H. Keller, J.Karpinski,
Annualmeetingof theSwissPhysicalSociety, Neucĥatel,Switzerland,3-4March,2004.

- Anisotropyandinternal �eld distributionof MgB2 in themixedstateat low temperatures
D. Di Castro,M. Angst, R. Khasanov, D.G. Eshchenko, A. Shengelaya,I. Savic, S. Kohout,J.
Roos,S.M. Kazakov, J.Karpinski,H. Keller,
Annualmeetingof theSwissPhysicalSociety, Neucĥatel,Switzerland,3-4March,2004.

- Site-selectiveoxygenisotopeeffecton themagnetic�eld penetrationdepthin underdoped
Y0:6Pr0:4Ba2Cu3O7� �

R. Khasanov, A. Shengelaya,E. Morenzoni,M. Angst, K. Conder, I.M. Savi ć, D. Lampakis,
E. Liarokapis,A. Tatsi,H. Keller,
Annualmeetingof theSwissPhysicalSociety, Neucĥatel,Switzerland,3-4March,2004.
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- Lowenergymuonstudyof YBa2Cu3O7/PrBa2Cu3O7/YBa2Cu3O7 tri-layer
D.G. Eshchenko, R. Khasanov, E. Morenzoni,T. Proschka,A. Suter, H. Keller, Ø. Fischer, E.
Koller, E. Treboux,P. Legendre,
Annualmeetingof theSwissPhysicalSociety, Neucĥatel,Switzerland,3-4March,2004.

Invited lectures

- M. Angst:Anisotropicpropertiesof thetwo-bandsuperconductorMgB2 by torquemagnetometry
Third InternationalConferenceonMagneticandSuperconductingMaterials(MSM03),Monastir,
Tunisia,1-4September, 2003.

- D. Eshchenko: Muoniumformationandionizationin semiconductors
LMU seminar, Laboratoryfor Muon-SpinSpectroscopy, Paul SherrerInstitut, Villigen, Switzer-
land,12June,2003.

- H. Keller: Oxygen-isotopeeffecton themagneticpenetrationdepthin cupratesuperconductors
Shanghai,China,3-5April, 2003.

- H. Keller: Oxygen-isotopeeffecton themagneticpenetrationdepthin cupratesuperconductors
M2S-HTSC-VII7thInternationalConferenceonMaterialsandMechanismsof Superconductivity
andHigh TemperatureSuperconductors,Rio deJaneiro,Brazil, May 25-30,2003.

- H. Keller: Unconventionalisotopeeffectsin cupratehigh-temperaturesuperconductors
Institut für Festk̈orper- undWerkstofforschungDresden,Dresden,Germany, 7 July, 2003.

- H. Keller: Unconventionalisotopeeffectsin cupratehigh-temperaturesuperconductors
Fifth GeneralConferenceof theBalkanPhysicalUnion,VrnjackaBanja,SerbiaandMontenegro,
25-29August,2003.

- H. Keller: Unconventionalisotopeeffectsin cupratehigh-temperaturesuperconductors
NatoAdvanceResearchWorkshopon SymmetryandHeterogeneityin High-Temperature Super-
conductors, Erice,Italy, 4-10October, 2003.

- H. Keller: Unconventionalisotopeeffectsin cupratehigh-temperaturesuperconductors
16thInternationalSymposiumon Superconductivity (ISS2003),Tsukuba,Japan,27-29October,
2003.

- H. Keller: Unconventionalisotopeeffectsin cupratehigh-temperaturesuperconductors
TohokuUniversity, Institutefor MaterialResearch,Sendai,Japan,30October, 2003.

- H. Keller: Oxygen-isotopeeffecton themagneticpenetrationdepthin cupratesuperconductors
InternationalWorkshopon Fermi SurfaceandLattice Effectsin CuprateHigh TemperatureSu-
perconductors(AIST), Tsukuba,Japan,31October, 2003.

- H. Keller: Unconventionalisotopeeffectsin cupratehigh-temperaturesuperconductors
Universityof Geneva,DPMC,Geneva,Switzerland,25March,2004.

- R. Khasanov: Directobservationof theoxygenisotopeeffecton thein-planemagnetic�eld pene-
trationdepthin optimallydopedYBa2Cu3O7� �

2003SwissWorkshoponMaterialswith Novel ElectronicProperties,LesDiablerets,Switzerland,
September29 - October1, 2003.
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- M. Mali: Temperature dependenceof planecopperNQRlinewidth in theYBa2Cu4O8 supercon-
ductor
SpecializedColloqueAMPEREon NMR andEPRBroad-LineSolids,Portoroz,Slovenia,8-12
September, 2003.

- J.Roos:Broad-lineCu-NQRstudiesin cupratehigh-temperaturesuperconductors
SpecializedColloqueAMPEREon NMR andEPRBroad-LineSolids,Portoroz,Slovenia,8-12
September, 2003.

- T. Schneider:ProbingInhomogeneitiesin TypeII Superconductors by Meansof ThermalFluctu-
ations,MagneticFields,andIsotopeEffects
DynamicInhomogeneitiesin Complex Oxides,Bled,Slovenia,14-20June,2003.

- T. Schneider:Themysteryof superconductivityin the cupratesevincedby Londonpenetration
depthsmeasurements
InternationalSchoolof Physics, Enrico Fermi CourseCLV, The Physics of Complex Systems
(new advancesandperspectives),Varenna,Italy, 1-11July, 2003.

- T. Schneider:Granular superconductivityin thecupratesevincedby �nite sizeeffectsin thespe-
ci�c heatandLondonpenetrationdepths
NatoAdvanceResearchWorkshopon SymmetryandHeterogeneityin High-Temperature Super-
conductors, Erice,Italy, 4-10October, 2003.

- T. Schneider:Evidencefor granularity, anisotropyandlatticedistortionsin cupratesuperconduc-
torsandtheir implications
NatoAdvanceResearchWorkshopon SymmetryandHeterogeneityin High-Temperature Super-
conductors, Erice,Italy, 4-10October, 2003.

- A. Shengelaya:Microscopicphaseseparationdrivenbyelasticinteractionsin La2� xSrxCuO4 as
revealedbyelectronparamagneticresonance
DynamicInhomogeneitiesin Complex Oxides,Bled,Slovenia,14-20June,2003.

- A. Shengelaya:A metallicphasein verylow dopedLa2� xSrxCuO4 observedby electron param-
agneticresonance
2003SwissWorkshoponMaterialswith Novel ElectronicProperties,LesDiablerets,Switzerland,
September29 - October1, 2003.

14.3 Research group of Prof. P. F. Meier

Articles

- SynthesisofonemonolayerofhexagonalboronnitrideonNi(111)fromB-trichloroborazine(ClBNH)3
W. Auwärter, H.U. Suter, H. Sachdev andT. Greber, Chemistryof MaterialsB 326, 329(2003).

- Dynamicsof humansleepEEG
E. OlbrichandP. Achermann,Neurocomputing52-54, 857(2003).

- Nonlinearityandnonstationarityin humansleepEEGdata
E. Olbrich,P.F. MeierandP. Achermann,Sleep26, A394(2003).
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- In�uenceof latticeparameterscalingon local electronicandmagneticpropertiesin La2CuO4

S.RenoldandP.F. Meier, J.Supercond.Inc. Nov. Magn.16, 483(2003).

- Nuclearmagneticresonancechemicalshiftsandparamagnetic�eld modi�cationsin La2CuO4

S.Renold,T. Heine,J.Weber, andP.F. Meier, Phys. Rev. B 67, 024501(2003).

- Dimensionalcomplexity andspectral propertiesof thehumansleepEEG
Y. Shen,E. Olbrich,P. Achermann,andP.F. Meier, Clin. Neurophysiol. 114, 199(2003).

- Chargedistribution in La2� xSrxCuO4

E. P. Stoll, T. A. Claxton,andP.F. Meier, Int. J.of Mod. Phys. B 17, 3329(2003).

- On thedistributionof intrinsic holesin cuprates
E.P. Stoll, T.A. Claxton,andP.F. Meier, J.Phys.: Condens.Matter15, 7881(2003).

- Muonsitesandhyper�ne�elds in La2CuO4

H. U. Suter, E.P. Stoll, andP.F. Meier, PhysicaB: CondensedMatter326, 329(2003).

- Percolation,fractal behaviorandhigh-Tc superconductivity
E.P. Stoll, J.Supercond.Inc. Nov. Magn.17, 79 (2004).

Diploma and PhD theses

- First-principlesstudiesof local electronicandmagneticpropertiesin cuprates
S.Renold,PhD-thesis,Universityof Zurich (2004).

Articles in press

- Oscillatoryeventsin thehumansleepEEG� detectionandproperties
E. OlbrichandP. Achermann,Neurocomputing,in Press,(2004).

- From next nearestneighboursite percolation to continuumpercolation: Applicationto high-Tc
superconductors
E. P. Stoll, Int. J.of Mod. Phys. C 15, in Press(2004).

Invited Lectures

- P.F. Meier: Re-assessmentof theinterpretationof NMRand� SRdataoncupratesuperconductors
NATO AdvancedResearchWorkshopon New Challengesin Superconductivity, University of
Miami, 16.01.04.

- E. Olbrich: Nonstationarityandnonlinearityin humansleepEEGdata
Kolloquium: Aktuelle ThemenderSchlafforschung,Institut für PharmakologieundToxikologie,
UniversiẗatZürich,7.01.03.

- E. Olbrich: Oszillatoryeventsin thehumansleepEEG
ComputationalNeuroscienceMeeting2003,Alicante,06.07.03.
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- S.Renold:NMRChemicalshiftsandparamagnetic�eld modi�cationsin La2CuO4

MANEP-Conference,LesDiablerets29.09.03.

- E. P. Stoll: Inhomogeneitiesandpercolationin complex high-Tc superconductors
Conference:Dynamicinhomogeneitiesin complex matter, Bled,Slovenia,14-20.06.03.

Conferencerelatedcontributions

- S.Renold:NMRchemicalshiftsandparamagnetic�eld modi�cationsin La2CuO4

2003MarchMeetingof theAmericanPhysicalSociety, Austin,TX, 07.03.03.

- S.Renold:In�uenceof latticeparametersonlocal electronicandmagneticpropertiesin La2CuO4

andSr2CuO2Cl2
2003MarchMeetingof theAmericanPhysicalSociety, Austin,TX, 07.03.03.

- S.Renold:NMRchemicalshiftsandparamagnetic�eld modi�cationsin La2CuO4

Annualmeetingof theSwissPhysicalSociety, Basel20.-21.03.03.

- E. P. Stoll: Percolation,fractalbehaviourandhigh-Tc superconductivity
Annualmeetingof theSwissPhysicalSociety, Basel20.-21.03.03.

14.4 Research group of Prof. J. Osterwalder

Articles

- Theelectronicstructureof a surfactantlayer: Pb/Cu(111)
F. Baumberger, A. Tamai,M. Muntwiler, T. Greber, J.Osterwalder,
Surf. Sci. 532-535,82-86(2003).

- Optical recognitionof atomicstepsonsurfaces
F. Baumberger, Th. Herrmann,A. Kara,S. Stolbov, N. Esser, T. S. Rahman,J. Osterwalder, W.
Richter, T. Greber, Phys.Rev.Lett.90,177402-1-4(2003).

- Densityfunctionaltheoryinvestigationof thegeometricandspintronicstructureof h-BN/Ni(111)
in view of photoemissionandSTMexperiments
G. B. Grad,P. Blaha,K. Schwarz,W. Auwärter, T. Greber, Phys. Rev. B 68,085404-1-7(2003).

- Defectlinesandtwo-domainstructureof hexagonalboronnitride �lms onNi(111)
W. Auwärter, M. Muntwiler, J.Osterwalder, T. Greber, Surf. Sci. 545,L735-L740(2003).

- Reinvestigationof thebandstructureof theSi(111)5x2-Au surface
I. Matsuda,M. Hengsberger, F. Baumberger, T. Greber, H. W. Yeom,J.Osterwalder,
Phys. Rev. B 68,195319-1-7(2003).

- Growth morphologiesand defectstructure in hexagonal boron nitride �lms on Ni(111): a com-
binedSTMandXPDstudy
J.Osterwalder, W. Auwärter, M. Muntwiler, T. Greber,
e-J.Surf. Sci. Nanotech.1, 124-129(2003).
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- Remarkson theGeneralizedSolutionof ElectronDiffusion
A. Dolocan,Int. J.of Mod. Phys. B 17,1043-1069(2003).

- X-RayPropagationin TaperedPlanarWaveguide
A. Dolocan,J.F. VanDerVeen,Int. J.of Mod. Phys. B 17,2213-2257(2003).

- Step-lattice-inducedband-gapopeningat theFermi level
F. Baumberger, M. Hengsberger, M. Muntwiler, M. Shi,J.Krempasky, L. Patthey, J.Osterwalder,
T. Greber, Phys.Rev.Lett.92,016803-1-4(2004).

- Boronnitride nanomesh
M. Corso,W. Auwärter, M. Muntwiler, A. Tamai,T. Greber, J.Osterwalder,
Science303,217-220(2004).

- Synthesisof one monolayerof hexagonal boron nitride on Ni(111) from B-Trichloroborazine
(ClBNH)3
W. Auwärter, H. U. Suter, H. Sachdev, T. Greber, Chem.Mater. 16,343-345(2004).

Book chapter:

- Structural effectsin XPSandAES:Diffraction
J.Osterwalder, in SurfaceAnalysisbyElectronSpectroscopy, D. BriggsandJ.Grant,eds.,Surface
SpectraLtd andIM Publications(2003),p. 557-585.

Articles in press

- Spin-andangle-resolvedphotoemissionspectroscopystudyof theAu(111)Shockley surfacestate
M. Muntwiler, M. Hoesch,V. N. Petrov, M. Hengsberger, L. Patthey, M. Shi,M. Falub,T. Greber,
J.Osterwalder, J.ElectronSpectrosc.Relat.Phenom.(in press).

- One-dimensionalchainsof C60 moleculesonCu(221)
A. Tamai,W. Auwärter, C. Cepek,F. Baumberger, T. Greber, J.Osterwalder, Surf. Sci. (in press).

- Localizationof surfacestatesin disorderedsteplattices
F. Baumberger, M. Hengsberger, M. Muntwiler, M. Shi,J.Krempasky, L. Patthey, J.Osterwalder,
T. Greber, Phys.Rev.Lett.(inpress).

Diploma and PhD theses

- ExtendingtheESCALABmeasurementcapabilitiesandstudyingfundamentalsfor thespintronic
candidateMn onGe(001)
ThomasGresch,DiplomaThesis,Physik-Institut,UniversiẗatZürich,2003.

- Nanostructuredmagneticinterfaces:casestudiesandnew experimentcontrol software
M. Muntwiler, Ph.D. Thesis,Physik-Institut,UniversiẗatZürich,2004.
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Contrib uted conferencepresentations

- Possiblesteplatticestabilisationbysurfacestates(Poster)
T. Greber, SymposiumonSurfaceScience,La Plagne,France,1.4.03.

- Developmentof a low-energyelectrongunfor pump-probeexperiments(Poster)
M. Hengsberger, WorkshoponUltrafastSciencewith X-RaysandElectrons,Montreux,9./10.4.03.

- Spin-resolvedFermisurfacemapping
M. Hoesch,Suga-GroupSeminar, OsakaUniversity, Japan,13.5.03.

- Ultravioletphotoelectrondiffraction
M. Hoesch,Suga-GroupSeminar, OsakaUniversity, Japan,10.6.03.

- Angle-andspin-resolvedphotoelectronspectroscopyof theAu(111)surfacestateband(Poster)
M. Muntwiler, ICESS-9Conference,Uppsala,Sweden,30.6.03.

- Growthandpropertiesof epitaxialCr-dopedTiO2 anataseandrutile
J.Osterwalder, SpintronicsWorkshop,Departmentof Physics,Universityof Washington,Seattle,
WA, USA, 9.7.03.

- Spin-andangle-resolvedphotoelectronspectroscopyof thesurfacestateonAu(111)
M. Hoesch,22ndEuropeanConferenceonSurfaceScience,Prag,CzechRepublic,9.9.03.

- One-dimensionalchainsof C60 moleculesonCu(221)
A. Tamai,22ndEuropeanConferenceonSurfaceScience,Prag,CzechRepublic,9.9.03

- Boronnitride nanomesh(Poster)
M. Corso,20thAnnualMeetingof theSAOG(SchweizerischeArbeitsgemeinschaftf ürOber�ächen
undGrenz�ächen),Fribourg, 23.1.04.

- C60 onh-BN/Ni(111):a molecularswitch for electrons?
T. Greber, SymposiumonSurfaceScience,St. Anton,Austria,3.3.04.

- Ultrafastspace-chargedynamicswith low-energyelectronpulses
A. Dolocan,SPSJahrestagung,Neuchatel,3.3.04.

- Boronnitride nanomesh
M. Corso,SPSJahrestagung,Neuchatel,4.3.04.

- Dopingdependentorientationof C60 moleculesonAg(111)
T. Greber, MarchMeetingof theAmericanPhysicalSociety, Montreal,Canada,23.3.04.

- One-dimensionalC60 chains:moleculararrangementandelectronicproperties
A. Tamai,MarchMeetingof theAmericanPhysicalSociety, Montreal,Canada,23.3.04.

- Metal-insulatortransitionof monolayerC60 ona h-BN/Ni tunnellingjunction
M. Muntwiler, MarchMeetingof theAmericanPhysicalSociety, Montreal,Canada,23.3.04.

- Nanomesh:selforganizationof boronnitride onRh(111)
T. Greber, MarchMeetingof theAmericanPhysicalSociety, Montreal,Canada,25.3.04.
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Invited lectures

- M. Hoesch:Spin-resolvedFermisurfacemapping
NAIST Seminar, NaraInstituteof ScienceandTechnology, Nara,Japan,4.6.03.

- J.Osterwalder: Onemonolayerof hexagonalboron nitride on Ni(111): a modelcasefor a mag-
neticmetal-insulator-interface
Seminar, EnvironmentalMolecularSciencesLaboratory, Paci�c NorthwestNationalLaboratory,
Richland,WA, USA, 9.6.03.

- T. Greber:h-BN/Ni(111):anatomicallysharpinterface
DFGForschergruppenseminar”Ferromagnet-Halbleiter-Nanostrukturen”,Regensburg, 27.6.03.

- M. Hoesch:Spin-resolvedFermisurfacemapping
HiSORSeminar, HiroshimaSynchrotronRadiationCenter, HiroshimaUniversity, Japan,8.7.03.

- M. Hoesch:Spin-resolvedFermisurfacemapping
Hasegawa-GroupSeminar, Universityof Tokyo, Japan,11.7.03.

- T. Greber:Howstepsin�uencetheelectronicstructureandviceversa
Seminar, Fritz-Haber-Institut,Berlin, 15.7.03.

- J.Osterwalder:Spin-resolvedFermisurfacemapping
Seminar, AdvancedLight Source,LawrenceBerkeley Laboratory, Berkeley, CA, USA, 2.10.03.

- J. Osterwalder: C60 fullerenemonolayers: moleculararrangement,orientation and electronic
structure
Shen-GroupSeminar, Departmentof Applied Physics,StanfordUniversity, Stanford,CA, USA,
2.10.03.

- J.Osterwalder:Growthmorphologiesanddefectstructure in h-BN�lms on Ni(111): a combined
STMandXPDstudy
4th InternationalConferenceon Atomic Level Characterizationof New MaterialsandDevices,
Kauai,HI, USA, 9.10.03.

- T. Greber:Exploring thestructural changesof not sosmallmoleculeson surfaces:fromphoto-
electrondiffractiontowardsnear-nodephotoelectronholography
SwissLight SourceUsers'Meeting,PSIVilligen, 30.10.03.

- M. Hoesch:Spin-resolvedFermisurfacemapping:thespin-orbitsplit surfacestateonAu(111)
SwissLight SourceUsers'Meeting,PSIVilligen, 31.10.03.

- T. Greber:Molecularvalvesfor electrons: C60/h-BN/Ni(111)
Seminar, Physik, FreieUniversiẗatBerlin, 3.11.03.

- J.Osterwalder:Sometricks in photoelectron diffractionexperimentsfor structural investigations
at surfaces
50thAmericanVacuumSocietyMeeting,Baltimore,MD, USA, 4.11.03.

- M. Hoesch:Spin-resolvedFermisurfacemapping:theFermisurfaceof bulk andultrathinnickel
SRSES2003Conference,Hiroshima,Japan,19.11.03.

- T. Greber:Steps:pivotsonsurfaces
High Tc workshoponnovel materialsandsuperconductivity, Planneralm,Austria,27.2.04.
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- J.Osterwalder:AboutspinstructuresonAu surfaces,molecularchainsandnanomeshes
Seminar, Fritz-Haber-Institut,Berlin, 1.3.04.

- J.Osterwalder:Applicationsof synchrotron radiationtechniquesto surfacescienceproblems
4 hoursof Lectures,HERCULESSchool2004,Trieste,Italy, 18./19.3.04.

14.5 Research group of Prof. U. Straumann,
(for H1 publications seeSec.14.6)

Articles

- TheCIP2KFirst-LevelTrigger Systemat theH1 Experimentat HERA
M. Urban,J.Becker, S.Schmitt,U. Straumann,IEEETrans.Nucl.Sci.50:903-908,2003.

- A vertex detectorfor thefuture linear collider
StefaniaXella Hansen,Nucl.Instr.Meth.A511(2003)229-234.

- Flavour taggingat thefuture linear collider
StefaniaXella Hansen,Nucl.Instr.Meth.A501(2003)106-110.

- AnorthotropicMagnesium-CarbonCompositeasLighweightHeat-guideMaterial with High Spe-
ci�c StiffnessandRadiationTransparency
S.Vaucher, O. Beffort, J.KüblerandF. Lehner, Adv. Eng.Mater. 5 (2003)669-672.

- Search for 3- and4-BodyDecaysof theScalarTopQuarkin pp Collisionsat
p

s=1.8 TeV
V. M. Abazov etal. [D0 Collaboration],Phys.Lett.BB 581(2004)147-155.

- Observationof diffractivelyproducedWandZ Bosonsin pp collisionsat
p

s=1800GeV
V. M. Abazov etal. [D0 Collaboration],Phys.Lett.B574(2003)169-179.

- Search for LargeExtra Dimensionsin theMonojet+ MissingE(T)Channelat D�
V. M. Abazov etal. [D0 Collaboration],Phys.Rev.Lett.90 (2003)251802.

- Multiple JetProductionat low transverseenergiesin pp collisionsat
p

s=1.8 TeV
V. M. Abazov etal. [D0 Collaboration],Phys.Rev.D 67 (2003)052001.

- tt Productioncrosssectionin pp collisionsat
p

s=1.8 TeV
V. M. Abazov etal. [D0 Collaboration],Phys.Rev.D 67 (2003)012004.

- TheLHCbSiliconInnerTracker
F. Lehner, Nucl.Instr.Meth.A501(2003)126-130.

- TheLHCbSiliconInnerTracker
F. Lehner, Nucl.Instr.Meth.A511(2003)43-47.

Diploma and PhD thesis

- SimulationundMessungvonSilizium-Streifen-Detektoren
StefanHeule,Diplomarbeit,Physik-Insitut,UniversiẗatZürich,2003.
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- Thenew CIP2kz-Vertex Trigger for theH1 Experimentat HERA
Max ChristophUrban,PhDThesis,Physik-Insitut,UniversiẗatZürich,2004.

- A Measurementof the QED-ComptonCross-Sectionin Electron-Proton Scatteringwith the H1
Experimentat HERA
NicolasKeller, PhDThesis,Physik-Insitut,UniversiẗatZürich,2004.

- Measurementof theChargedCurrentCrossSectionin Positron-ProtonCollisionsat HERA
NicoleWerner, PhDThesis,Physik-Insitut,UniversiẗatZürich,2004.

Conferencecontributions

- Nicole Werner: Measurementsof proton structure functions,alpha(s)and parton distribution
functionsat HERA
Talk on behalfof the H1 andZEUS collaborations,38th Rencontresde Moriond on QCD and
High-Energy HadronicInteractions,LesArcs,Savoie,France,22-29.03.2003.hep-ex/0305109.

- J.Beckeretal.: The�r st levveltrigger CIP2kfor theH1 Experimentat HERA
8thTopicalSeminaron InnovativeParticleandRadiationDetectors,Siena,Italy, 21-24Oct2002,
Nucl. Phys. Proc.Suppl.125:277-281,2003.

- Y. Ermoline:LHCbSiliconTracker infrastructure
Posteratthe9thPisaMeetingonAdvancedDetectors,LaBiodola,Isolad'Elba,Italy, 25-31.05.2003.

- PeterFierlinger:Geant4Simulationsfor UltracoldNeutronExperiments
Int. Conf. onUltracoldandColdNeutronsPhysics& Sources,St.Petersburg, Russia,June2003.

- U. Straumann:SiliconStripDetectorswith longstripsandfastsignalshapingfor LHCb
talk presentedat Imaging2003,June27,2003,Stockholm,Sweden.

- F. Lehner, C. Lois, P. Vazquez:
Caracterizacionde15detectoresdemicropistasdeSilicio (5 GLAST2000,5 OB2CMSy 5 Hama-
matsuLHCbMulti-Geometry)para la estacionTT delexperimentoLHCb
XXIX ReunionBienaldela RealSociedadEspanoladeFisica,Madrid (Spain),July7-11,2003.

- M. Needham:TheLHCbSiliconTracker
Int. Conf. on Large ScaleApplicationsand RadiationHardnessof SemiconductorDetectors,
September30 - October1, 2003,Firence,Italy.

- F. Lehner:Investigationof RadiationDamageonSiliconDetectors for theD0 RunIIb Upgrade
Int. Conf. on Large ScaleApplicationsand RadiationHardnessof SemiconductorDetectors,
September30 - October1, 2003,Firence,Italy.

- A. Vollhardt:TheLHCbsilicon tracker
Nuclearsciencesymposiumand medicalimaging conference(IEEE), Portland,USA, October
19-25,2003.

- M. Agari andO. Steinkamp:Designof theLHCbSiliconTracker
posterat the 10th ViennaConferenceon Instrumentation(VCI 2004),February16 - 21, 2004,
Vienna,Austria.
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Invited lecturesand seminar talks

- Phillip Sievers:TheLHCbSiliconInnerTracker
High Energy PhysicsSeminar, UCLA, LosAngeles,29.01.2003.

- F. Lehner:TheStatusof LHCbandits InnerTracker detector
ExperimentalParticle PhysicsSeminarat KansasStateUniversity, March 10, 2003,Manhatten,
Kansas,USA.

- StefanSchmitt:H1 statusandprospects
DESY-PRCopensession,30. Oktober2003,http:==www.desy.de=� sschmitt=prc-oct-2003.pdf.gz.

- StefanSchmitt:Leptonbeampolarisationfor theHERAexperimentsZEUSandH1
SeminaratMPI München,9. Dezember2003,http:==www.desy.de=� sschmitt=pol26-mpi.pdf.

Collaboration notesand technical reports

- LHCbReoptimizedDetectorDesignandPerformance
TechnicalDesignReport,LHCb Collaboration,
LHCb TDR 9, CERN/LHCC2003-030,9. September2003.

- Designof theLHCbSiliconTracker
M. Agari etal., LHCb Note2004-010.

- Simulationof SignalGeneration in SiliconMicro-stripDetectors for theLHCbSiliconTracker of
theLHCbExperiment
St. HeuleandF. Lehner, LHCb Note2003-159.

- Studiesof theBeetle1.2PipelineHomogeneity
M. Agari etal., LHCb Note2003-155.

- TheLHCbSiliconTracker
A. Vollhardt,LHCb Note2003-143.

- TheLHCbSiliconTracker
M. Needham,LHCb Note2003-142.

- LayoutandExpectedPerformanceof theLHCbTT Station
J.Gassner, M. Needham,O. Steinkamp,LHCb Note2003-140.

- Prototypefor anoptical12 input receivercard for theLHCbTELL1board
G. Haefeli,U. Uwer, A. Vollhardt,D. Wiedner, LHCb Note2003-137.

- Characterizationand SampleTestingof the LHC4913PositiveVoltage Regulator for the LHCb
SiliconTracker
A. GafnerandA. Vollhardt,LHCb Note2003-128.

- Test-BeamMeasurementsonPrototypeLadders for theLHCbTT Station
M. Agari etal., LHCb Note2003-082.

- CapacitanceMeasurementson SiliconMicro-StripDetectors for theTT Stationof theLHCb Ex-
periment
J.Gassneretal., LHCb Note2003-081.
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- Measurementsof PrototypeLadders for theSiliconTracker with Laser
R. Bernhardetal., LHCb Note2003-075.

- Neutron Irr adiationResultsfor theLHCbSiliconTracker DataReadoutSystemComponents
A. Vollhardt,LHCb Note2003-049.

- A Prototypefor theLHCbSiliconTracker DataReadoutSystem
A. Vollhardt,LHCb Note2003-045.

- TrackingPerformanceandRobustnessTests
M. Needham,LHCb Note2003-020.

- SiliconTracker SimulationPerformance
M. Needham,LHCb Note2003-015.

14.6 H1 publications by the groupsof Straumann and Tru Èol

Articles

- IsolatedElectronsandMuonsin Eventswith MissingTransverseMomentumat HERA
H1-Collaboration,V. Andreev etal.,
DESY02– 224,hep-ex/0301030,Phys.Lett.B561(2003),241- 257.

- Measurementof InclusiveJetCrossSectionsin Photoproductionat HERA
H1-Collaboration,C. Adloff etal.,
DESY02– 225,hep-ex/0302034,Eur.Phys.J.C29 (2003),497- 513.

- MeasurementandQCDAnalysisof Neutral andChargedCurrentCrossSectionsat HERA
H1-Collaboration,C. Adloff etal.,
DESY03– 038,hep-ex/0304003,Eur.Phys.J.C30 (2003),1 - 32.

- Search for New Physicsin e� q ContactInteractions
H1-Collaboration,C. Adloff etal.,
DESY03– 052,hep-ex/0305015,Phys.Lett.B568(2003),35 - 47.

- DiffractivePhotoproductionof J=	 Mesonswith LargeMomentumTransferat HERA
H1-Collaboration,A. Aktasetal.,
DESY03– 061,hep-ex/0306013,Phys.Lett.B568(2003),205- 218.

- Multi-electronProductionat High TransverseMomentumin epCollisionsat HERA
H1-Collaboration,A. Aktasetal.,
DESY03– 082,hep-ex/0307015,Eur.Phys.J.C31 (2003),17 - 29.

- Search for SingleTopQuarkProductionin e� p Collisionsat HERA
H1-Collaboration,A. Aktasetal.,
DESY03– 132,hep-ex/0310032,Eur.Phys.J.C33 (2004),9 - 22.

- MuonPair Productionin epCollisionsat HERA
H1-Collaboration,A. Aktasetal.,
DESY03– 159,hep-ex/0311015,Phys.Lett.B583(2004),28 - 40.
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- InclusiveDijet Productionat LowBjorken-x in DeepInelasticScattering
H1-Collaboration,A. Aktasetal.,
DESY03– 160,hep-ex/0310019,Eur.Phys.J.C33 (2004),477- 493.

- Observationof a NarrowAnti-CharmedBaryonState
H1-Collaboration,A. Aktasetal.,
DESY04– 038,hep-ex/0403017,Phys.Lett.B588(2004),17 - 28.

Articles in print

- Measurementof Dijet Productionat LowQ2 at HERA
H1-Collaboration,A. Aktasetal.,
DESY03– 206,hep-ex/0401010,Eur.Phys.J.C (2004),in print.

- Search for SquarkProductionin R-Parity Violating Supersymmetryat HERA
H1-Collaboration,A. Aktasetal..
DESY04– 025,hep-ex/0403027,Eur.Phys.J.C (2004),in print.

- Measurementof Anti-DeuteronPhotoproductionanda Search for HeavyStableChargedParticles
in at HERA
H1-Collaboration,A. Aktasetal.,
DESY04– 032,hep-ex/0403056,Eur.Phys.J.C (2004),in print.

- Forward � 0 ProductionandAssociatedTransverseEnergy Flow in Deep-InelasticScatteringat
HERA
H1-Collaboration,A. Aktasetal.,
DESY04– 051,hep-ex/0404009,Eur.Phys.J.C (2004),in print.

H1-collaboration (1.5.2004)

A. Aktas,V. Andreev, T. Anthonis,A. Asmone,A. Babaev, S. Backovic, J. Bähr, A. Baghdasaryan,
P. Baranov, E. Barrelet, W. Bartel, S. Baudrand,S. Baumgartner, J. Becker, M. Beckingham,
O. Behnke, O. Behrendt,A. Belousov, Ch. Berger, N. Berger, T. Berndt, J.C. Bizot, J. Böhme,
M.-O. Boenig,V. Boudry, J.Bracinik,G. Brandt,V. Brisson,H.-B. Bröker, D.P. Brown, D. Bruncko,
F.W. Büsser, A. Bunyatyan, G. Buschhorn, L. Bystritskaya, A.J. Campbell, S. Caron,
F. Cassol-Brunner, K. Cerny, V. Chekelian,J.G.Contreras,Y.R. Coppens,J.A. Coughlan,B.E. Cox,
G. Cozzika,J.Cvach,J.B.Dainton,W.D. Dau,K. Daum,B. Delcourt,R. Demirchyan,A. DeRoeck,
K. Desch,E.A. De Wolf, C. Diaconu,J.Dingfelder, V. Dodonov, A. Dubak,C. Duprel,G. Eckerlin,
V. Efremenko, S. Egli, R. Eichler, F. Eisele,M. Ellerbrock,E. Elsen,M. Erdmann,W. Erdmann,
S. Essenov, P.J.W. Faulkner, L. Favart, A. Fedotov, R. Felst, J. Ferencei,L. Finke, M. Fleischer,
P. Fleischmann,Y.H. Fleming,G.Flucke,G.Flügge,A. Fomenko, I. Foresti,J.Formánek,G.Franke,
G. Frising, T. Frisson,E. Gabathuler, K. Gabathuler, E. Garutti, J. Garvey, J. Gayler, R. Gerhards,
C. Gerlich, S. Ghazaryan, S. Ginzburgskaya, I. Glushkov, L. Goerlich, M. Goettlich,
N. Gogitidze, S. Gorbounov, C. Goyon, C. Grab, H. Grässler, T. Greenshaw, M. Gregori,
G. Grindhammer, C. Gwilliam, D. Haidt, L. Hajduk, J. Haller, M. Hansson,G. Heinzelmann,
R.C.W. Henderson,H. Henschel,O. Henshaw, G. Herrera,I. Herynek,R.-D. Heuer, M. Hildebrandt,
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