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The picture on the front shows Tatiana Latyche vskaia of the Physicsof BiologicalSystemsgroup
(Sec. 12) explaining the pr inciples of hologr am reconstr uction. On the bac k of the co ver a
new type of noble ion source isshown de veloped by the group.
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Begleitwort

Mit seinen sieben Forschungsgr uppen dec kt das Physik-Institut ein breites , national und in-
ter national vernetztes Spektrum exper imenteller Forschung a b, das von den Eigenschaften
biologischer Makr omolek üle bis zu jenen der elementaren Bestandteile des Universums in
seiner Frühphase reicht. In den beiden etw a gleich starken Hauptbereichen, Physik der kon-
densier ten Mater ie und Physik fundamentaler Systeme, �nden sich Gruppen in der Bio-, der
Ober� ächen-, der Festkörper - und der Elementar teilchenph ysik.

Die Forschungsgr uppen am Physik-Institut sind vom Nationalf onds durch 21 Forschungspr o-
jekte und von Beiträgen aus der K. Alex Müller Stiftung, der Geber t-Rüf Stiftung, sowie durch
div erse andere Drittmittelbeitr äge unter stützt worden. Das Physik-Institut ist unter anderem
an dem Nationalen Forschungskompetenzzentr um (NCCR) MaNEP (Materials with novel
electronic properties) beteiligt und geh ört zu den Mitgr ünder n des SwissInstitute of Par ticle
Physics (CHIPP). Als erste Forschungsgr uppe der Universität hat die Ober�ächenphysikerfolg-
reich ein dreij ähr iges EUProjekt auf dem Gebiet der Nano wissenschaften (Nanomesh- Boron
Nitride Nanomeshasa Scaffoldfor Nanocatalysts, NanomagnetsandFunctionalSurfaces) mit insgesamt
acht Par tner institutionen iniziiert, welches von ihr auch koordinier t wird. Prof. Fink leitet das EU
Projekt Obtaining atomically resolvedstructural information on individual bio-moleculesusing electron
holographymit fünf Par tner institutionen und die Gruppe Supraleitung undMagnetismusist Par tner
im dreij ähr igen EUProjekt Controlling mesoscopicphaseseparation, welches von der Technischen
Universität Athen geleitet wird und zwölf Par tner institutionen umf asst.

Einige wichtige Entwic klungen bei den Projekten der Teilchenphysikseien hier kurz erw ähnt:
Am CERN wurden die Vorbereitungen für das CMS Experiment am Large Hadr on Collider
fortgesetzt. Die Amsler Gruppe entwic kelt den Silizium-Pixeldetektor nahe dem Wechsel-
wirkungspunkt und bereitet die Auswertepr ogr amme für das Experiment vor, das Ende 2007
in Betrieb genommen wird. Ebenf alls am CERN arbeitet diese Gruppe an einem Projekt,
das mit Flüssigargon nach der dunklen Mater ie im Universum suchen wird. Sie beteiligt sich
ferner am CERN - DIRAC Experiment und entwic kelt einen Aerogeldetektor , mit dem K-�
Atome nachge wiesen und studier t werden können. Die am Elektron (Positron) - Proton Spei-
cherr ing HERAam DESYin Hambur g arbeitende H1-Kolla bor ation hat 2005/6 u.a. den vom
geladenen Anteil der elektr oschw achen Wechselwir kung gesteuer ten Prozess eP ! � X bei
den höchsten Energien (320 GeV) erstmals in Abh ängigk eit des Polar isationsgrads für Elek-
tronen und Positronen unter sucht. Der gemessene Wirkungsquer schnitt best ätigt die Vorher -
sagen des Standardmodells und schliesst Beiträge anom aler Händigk eit aus.

Im Forschungsbereich Physikder kondensiertenMaterie sind unter anderem folgende Fortschr itte
erzielt worden: In einem gemeinsamen Projekt zwischen der Low-Energy Muon
Gruppe des PSI und der Gruppe Supraleitung und Magnetismuskonnte erstmals das Mag-
netf eldpr o�l (Meissner-Ochsenf eld-Effekt) in einem dünnen Film eines Kuprat-Supraleiter s mit
Hilfe von niederener getischen Myonen direkt ausgemessen werden. Die Gruppe Ober-
�ächenphysik zeigte das Prinzip einer neuar tigen Quelle für niederener getische spinpolar i-
sierte Elektronen mit einer Pulsdauer von wenigen Picosekunden. In Zusammenarbeit mit
dem Biochemischen Institut ist es der Gruppe PhysikBiologischerSystemegelungen Viren mit
Mikrostrukturen zu verbinden. Dadur ch ist es möglich ge worden Elektronen-Hologr amme
einzelner Viren aufzunehmen und zu rekonstr uieren.



Am Physik-Institut ha ben im Berichtsjahr zwei bedeutende inter nationale Konf erenzen stattge-
funden:

Vom 3. bis 7. Oktober 2005 fand an unserem Institut ein Workshopon tracking in high multiplicity
environments (TIME05) statt. Rund 50 inter nationale Experten in Spurdetektoren und Analy-
seprogr ammen aus lauf enden und geplanten Experimenten der Hochener gieph ysik disku-
tier ten vor allem Fragen, die bei hohen Teilchenr aten auftreten. Die Teilnehmer p�egten
einen intensiv en Gedank enaustausch in oper ationellen und systemtechnischen Aspekten,
Rekonstruktionsalgor ithmen, Strahlungssch äden und Detektor technologien.

Die Entdec kung der Hochtemper atur -Supraleitung durch J. Geor g Bednorz und K.Alex Müller
am IBM Forschungsla bor ator ium in Rüschlikon löste 1986 weltw eit eine beispiellose Euphor ie
in der Fachw elt aus. Zu Ehren der beiden Nobelpreistr äger , denen vor 20 Jahren diese bahn-
brechende Entdec kung gelang, wurde am Physik-Institut vom 27. bis 29. März 2006 ein In-
ter nationales Symposium durchgef ührt. Rund 30 renommier te nationale und inter nationale
Referentinnen und Referenten ha ben über aktuelle Entwic klungn der Hochtemper atur -
Supraleitung (Gitteref fekte, Polar onbildung, Phasensepar ation) ber ichtet. Am Symposium
ha ben zahlreiche namhafte Ehreng äste und Teilnehmer aus aller Welt teilgenommen. Diese
Veranstaltung hat bei den Beteiligten und in den Medien grosse Resonanz gefunden.

Die Forschungspr ojekte des Physik-Instuts�ndet man auf den Websites der Forschungsdaten-
bank der Universität Zürich 1. Der wissenschaftliche Jahresber icht des Physik-Instituts wurde
wie schon in den letzten Jahren in englischer Sprache a bgef asst, um unsere Forschungs-
tätigk eit einem inter nationalen Publikum besser zugänglich zu machen. Der vollständige
Jahresber icht wie auch die Jahresber ichte früherer Jahre können auf der Website des Physik-
Instituts (http://www . ph ysik.unizh.ch/repor ts.html) eingesehen werden. Eine allgemein ver-
ständliche Zusammenf assung (auf Deutsch) der lauf enden Forschungspr ojekte folgt auf den
nächsten Seiten.

Zürich, im Mai

Prof. Dr. Hugo Keller

1http://www.research-proje cts .uni zh. ch/math /uni t71 600/ ind ex.h tm



Persönliches

Rücktritte

PD Prof. Dr. Peter Fritz Meier

Nach fast 30 Jahren erfolgreicher Tätigk eit am Physik-Institut ist unser gesch ätzter Kollege
PD Prof. Dr. Peter F. Meier im Apr il 2005 in den Ruhestand getreten. Nach seinem Physik-
Studium und seinem Doktor at (1968) am Institut für theoretische Physik an unserer Univer-
sität erw eiter te er seine Kenntnisse in Festkörper ph ysik als Postdoktor and an der Universität
Nijmegen (NL) und am IBM Forschungsla bor ator ium in Rüschlikon. Esfolgten zwei Jahre als
wissenschaftlicher Mitarbeiter in der Theoriegr uppe am SIN (Swiss Institue for Nuclear Re-
search) und Habilitation an der Universität Zürich. 1977 wurde Peter Meier als Ober assis-
tent in die Gruppe von Prof. Walter Kündig aufgenommen und 1981 erfolgte die Ernen-
nung zum Titular professor. Seit 1992 hat Peter Meier als wissenschaftlicher Abteilungsleiter
seine eigene, sehr erfolgreiche Forschungsgr uppe geleitet. Sein wissenschaftliches Interes-
se im Bereich der theoretischen Festkörper ph ysik und der computational solid state physicsist
sehr vielf ältig. Auf veschiedenenen Gebieten hat er wesentliche Beiträge gelief ert und
da bei immer den Dialog mit den Experimentatoren gesucht. Einige Beiträge seien hier
kurz erw ähnt: In seinen frühen Arbeiten inter pretier te er � SRDaten von magnetischen Sys-
temen und Halbleiter n mit Hilfe von numer ischen Methoden. Mit Dichtefunktionalrechnun-
gen und der a ppr oximativ en Lösung des Hubbard Hamiltonoper ator s wurden statische und
dynamische Eigenschaften der Myonen, vor allem in Halbleiter n, bestimmt. Weiter spielte
die Inter pretation von NMR-, NQR- und Knightshift-Messungen eine immer gr össere Rolle,
vor allem als diese Messmethoden auch auf die Hochtemper atur -Supraleiter ausgedehnt
wurden. In Zusammenarbeit mit den Experminentalph ysik-Gruppen (Profs. E. Brun und F.
Waldner) hat er sich auch mit Problemen der Chaosf orschung bef asst. In einem interdiszi-
plin ären Projekt mit Mediziner n der Universität Zürich hat er mit seiner Gruppe ph ysikalische
Methoden entwic kelt, um Gehir nstrommessungen zu analysieren und inter pretieren. Neben
diesen Forschungsaufg a ben in der Grundlagenf orschung ga b Peter Meier seine fundamen-
talen Kentnisse in Festkörper theor ie und spezieller Informatik für Naturwissenschafter in Vorle-
sungen den Studierenden weiter . Nicht wenige von ihnen ha ben als Diplom and und/oder
Doktor and in seiner Forschungsgr uppe a bgeschlossen. Nebenbei gelang es ihm, als begeis-
teter Anh änger des FC Aar au, in einem rechtsmedizinischen Streitfall durch Studien der
Physik des Fussballs zu zeigen, dass ein sehr schneller Fussball bei einem unverhoften Auf-
prall auf das Gesicht die Augen eines Spielers durch die Beschleunigung des Kopf es nicht
nachhaltig schädigen kann. Peter Meier hat seine Forschungsgr uppe ComputerAssistierte



Physikmit grossem Engagement geleitet. Dank seiner fundier ten und breiten Fachk enntnis
und seinem offenen und väter lichen Char akter ist es ihm gelungen das Vertrauen seiner
Studierenden, Mitarbeiter innen und Mitarbeiter zu ge winnen und sie für die Physik zu begeis-
ter n. Seine freundliche, zuvorkommende und diplom atische Art und seine ausgespr ochene
Teamf ähigk eit werden am Institut sehr gesch ätzt. Wir dank en Peter Meier für sein enor mes
Engagement am Physik-Institut und wünschen ihm alles Gute in seinem Ruhestand.

PD Prof. Dr. Hendr ik Pruys

Am 1. September 2005 ist unser langj ähr iger Kollege PD Prof. Dr. Hendr ik Pruys in den Ruhe-
stand getreten. Henk studier te Physik an der Universität Utrecht. Nach einer Tätigk eit als
Reaktor ph ysiker am EIR�ng er 1975 eine Dissertation bei Prof. R. Engfer am Institut an über
Pion- und Myon- induzier te Kernreaktionen. Ab 1978 war er Ober assistent am Institut, wo er
1993 ha bilitier te und 2000 zum Titular professor ernannt wurde. Erhat w ährend seiner Karriere
wesentlich zu Experimenten über seltene Elementar teilchenpr ozesse am PSIbeigetr agen,
und neulich zum ATHENA Antiw asserstoffprojekt am CERN. Seine Lehrfähigk eiten und Vor-
lesungen wurden von unseren Studierenden sehr gesch ätzt. Wir dank en Henk für seinen
grossen Einsatz in Lehre und Forschung und wünschen ihm viel Musse beim Ausüben seiner
geliebten Hobbies (Weinbau und Schachspielen).



Wir gedenken

Prof. Dr. Walter Kündig

4. Apr il 1932 bis 25. Mai 2005

Am 25. Mai 2005 ist Walter Kündig unerw ar tet in seinem 74. Alter sjahr an einem akuten Herzver-
sagen verstorben. Erwurde am 4. Apr il 1932 in Zürich geboren und ist in Pfäf �kon ZHaufge-
wachsen, wo er Primar- und Sekundar schule durchlief . Nach dem Besuch der Oberrealschule
in Winter thur, studier te er an der ETHZürich (Abteilung X) Physik und Chemie, wo er unter
der Leitung von Prof. Paul Scherrer als Naturwissenschafter diplomier te und mit einer Ar-
beit “Ein�uss des Param agnetism us auf die Richtungskorrelation” promo vier te. Zeit seines
Lebens war Paul Scherrer für Walter Kündig das grosse wissenschaftliche und didaktische
Vorbild und dieser hat Kündig' s erfolgreiche Forschungs- und Lehrtätigk eit wesentlich mit-
gepr ägt. Immer wieder hat Walter Kündig Geschichten und Anekdoten aus seiner “Scherrer -
Zeit” erzählt, die er als Assistent und insbesondere als Scherrer' s Vorlesungsassistent erlebt
hatte. Nach seiner Promotion hat Walter Kündig im Jahre 1960 eine Postdoktor andenstelle
an der Purdue University (U.S.A.) angenommen, wo er seine bahnbrechenden Experimente
zum transversalen Doppler -Effekt (Zwillingspar ado x-Experiment) durchf ührte. Nach seinem
Umzug im Jahre 1962 an die University of Calif ornia in Los Angeles (UCLA), war er dor t zuerst
als wissenschaftlicher Mitarbeiter und von 1964 bis 1969 als Assistenzprofessor tätig. Seine
Forschungst ätigk eit war dam als für einen jungen Forscher bereits sehr vielf ältig (Mössbauer -
Spektroskopie, Superpar am agnetism us, Auger -Effekt, Ober� ächenph ysik, Magnetism us). Es
war kein ger ingerer als Prof. K.Alex Müller (Physik-Nobelpreistr äger 1987), der sich für Walter
Kündig beim dam aligen Institutsdirektor Prof. Hans Staub eingesetzt hatte, um den erfolg-
reichen jungen Experimentalph ysiker als Assistenzprofessor im Jahre 1969 ans Physik-Institut
der Universität Zürich zu ber ufen. Im Sommer 1973 folgte die Wahl zum Extraordinar ius,
sechs Jahre später diejenige zum Ordinar ius. Auch als ihn nach seinem Rüc ktritt im Sommer
1999 krankheitsbedingte Beschw erden plagten, nahm Walter Kündig rege an den Veran-
staltungen des Physik-Instituts teil und verfolgte weiter seine hohen wissenschaftlichen Ziele.

Walter Kündig war mit Herz und Seele ein Experimentalph ysiker. Neben seiner Familie, die
ihm sehr viel bedeutete und in deren Umfeld er immer wieder neue Kraft schöpf en konnte,
war die Experimentalph ysik seine grosse Leidenschaft. Er war ein ideenreicher und ebenso
vielseitiger wie mutiger Wissenschafter , der mit seiner Begeister ungsf ähigk eit seine jüngeren
Mitarbeiter anspor nte und mit ihnen auch die schwier igsten Forschungspr ojekte zum Erfolg
führte. Er hatte die besondere Ga be das wesentliche Experiment zur richtigen Zeit zu reali-
sieren. Esging ihm immer dar um, fundamentale Fragen der Physik vom Experiment her zu
ergründen. Da bei ist er mit seinen anspr uchsv ollen Forschungsv orha ben immer wieder an
die Grenze des Machbaren vorgestossen.



Während seiner dreissigjähr igen Tätigk eit am Physik-Institut widmete sich Walter Kündig be-
vorzugt fundamentalen Fragen der Festkörper - und der Teilchenph ysik. Neben wegw eisen-
den Arbeiten zur nuklearen Festkörper ph ysik(Anw endung der Mössbauer -Spektroskopie und
der Myon-Spin-Rotation) widmete er sich in den letzten Jahren vor allem zwei fundamen-
talen Experimenten, der pr äzisen Messung der Neutr inom asse und der genauen Bestimmung
der Gravitationskonstanten. Beide Experimente ha ben in der Fachw elt grosses Aufsehen er-
regt und massgeblich zur inter nationalen Aner kennung des Physik-Instituts beigetr agen. Das
Gravitations-Exper iment hat ihn bis zu seinem Tod besch äftigt.

Zusammen mit Prof. K.Alex Müller war er eine der treibenden Kräfte in der Realisation einer
Synchrotronstrahlungsquelle (SwissLight Source) am Paul Scherrer Institut in Villigen AG. Er
hatte früh erkannt, dass ein Synchrotron dieser Art für den Forschungsplatz Schweiz von na-
tionaler Bedeutung ist. Heute wird dieses Instrument in den verschiedensten Gebieten der
Naturwissenschaften, der Medizin und der Technik erfolgreich eingesetzt.

Als her vorragender akademischer Lehrer vermochte er die Studierenden in seinen Vorle-
sungen über Experimentalph ysik,die von einem “Feuerw erk” von originellen Demonstr ations-
exper imenten umrahmt waren, für die Physik zu begeister n. Auch als Präsident der Schwei-
zerischen Physikalischen Gesellschaft hat er sich für sein Fachgebiet eingesetzt. Eswar ihm
ein wichtiges Anliegen, neue Erkenntnisse aus der Grundlagenf orschung durch allgemein
verständliche Vorträge und Artikel einer breiteren Öffentlichk eit zugänglich zu machen.

Mit Walter Kündig verliert das Physik-Institut, die Universität Zürich, die nationale und inter na-
tionale Physikergemeinschaft einen herausragenden Forscher und Lehrer, der als origineller
und kreativ er Experimentalist immer wieder neue Wege beschr itten hat, mit dem Ziel funda-
mentale ph ysikalische Zusammenh änge in der Natur zu ergründen. Aus seiner Schule sind
zahlreiche erfolgreiche Wissenschaftler innen und Wissenschaftler her vorgeg angen, einige
dav on in akademischen Positionen in der ganzen Welt. Durch seine vielf ältige und einzig-
ar tige wissenschaftliche Hinter lassenschaft wie durch seinen offenen, liebensw ürdigen Cha-
rakter wird er vielen in lebendiger Erinner ung bleiben.
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Mitarbeiter

WissenschaftlichesPersonal

Enver Alag öz CMS
Milan Allan Ober� ächenph ysik
Yves Allkof er Dirac

Prof. Claude Amsler Dar k Matter , Dirac, CMS
Holger Bartolf PTM
Dr. Jan Bec ker H1

Dr. Roland Bernet LHCb
Dr. Ralf Patr ick Bernhard DØ, LHCb

Vittor io Boccone Dar k Matter
Louis Brandenber ger Ober� ächenph ysik

Thomas Brugger Ober� ächenph ysik
Dr. Vincenzo Chiochia CMS

Claudio Cirelli Ober� ächenph ysik
Mar tina Cor so Ober� ächenph ysik
Raffaele Dell'Amore PTM

Andrei Dolocan Ober� ächenph ysik
Dr. Andreas Engel PTM

Conr ad Escher Bio-Physik
Dr. Dmitr y Eshchenko Supraleitung & Magnetism us

Dr. Peter Fierlinger UCN
Prof. Hans-Werner Fink Bio-Physik

Dr. Car ine Galli Marxer Ober� ächenph ysik
Dr. Johannes Gassner LHCb
Prof. Thomas Greber Ober� ächenph ysik
Dr. Matthias Hengsber ger Ober� ächenph ysik

Stefan Heule UCN
Sosuke Horikaw a Dirac

Chr istoph Hörmann CMS
Dr. Ian Johnson Dar k Matter

Prof. Hugo Keller Supraleitung & Magnetism us
Dr. Rustem Khasano v Supraleitung & Magnetism us

Mar tin Klöc kner Ober� ächenph ysik
Andreas Knecht UCN

Stefan Kohout Supraleitung & Magnetism us
Dr. Michael Krüger Bio-Physik

Fa bio La Mattina Supraleitung & Magnetism us
Dr. Igor Landau Supraleitung & Magnetism us

Dr. Tatiana Latyche vskaia Bio-Physik
Dr. Frank Lehner DØ, LHCb
Dominik Leuenber ger Ober� ächenph ysik

Linus Lindfeld H1
Dr. Jorge Lobo-Checa Ober� ächenph ysik

Alexander Maisuradze Supraleitung & Magnetism us
Dr. Mihael Mali Supraleitung & Magnetism us
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Mar tin Mor scher Ober� ächenph ysik
Prof. K. Alex Müller Supraleitung & Magnetism us

Dr. Kathar ina Müller H1
Dr. Matthe w Needham LHCb

Krzysztof Nowak H1
Dr. Hiroshi Okamoto Bio-Physik
Dr. Taichi Okuda Ober� ächenph ysik
Prof. Jürg Osterw alder Ober� ächenph ysik

Tao�q Paraiso Supraleitung & Magnetism us
Dr. Kirill Proko�e v CMS

Prof. Henk Pruys CMS, Dirac
Dr. Chr istian Regenfus CMS, Dar k Matter , Dirac

Mar kus Regli LHCb
Mar k Reibelt PTM

Dr. Peter Robm ann CMS, H1, � ! e�
Dr. Josef Roos Supraleitung & Magnetism us

Rosmar ie Rössel Studienber atung
Dr. Tar iel Sakhelashvili LHCb, � ! e�

Chr istophe Salzmann DØ
Dr. Andr ies van der Schaaf � ! e�

Simon Scheu � ! e�
Prof. Andreas Schilling PTM

Dr. Richard Schillinger Ober� ächenph ysik
Dr. Stefan Schmitt H1

Car sten Schmitz H1
Prof. Toni Schneider Supraleitung & Magnetism us

Dr. Alexander Shengelay a Supraleitung & Magnetism us
Stefan Siegrist PTM

Dr. Thomas Speer CMS
Dr. Olaf Steinkamp LHCb

Gregor y Stevens Bio-Physik
Simon Strässle Supraleitung & Magnetism us

Prof. Ulrich Straum ann H1, LHCb, � ! e� , UCN
Dr. Anna Tam ai Ober� ächenph ysik

Dr. Jeroen van Tilburg LHCb
Prof. Peter Truöl H1, � ! e�
Dr. Achim Vollhardt LHCb

Dimitro Volyanskyy LHCb
Andreas Wenger DØ, LHCb
Stephen Weyeneth Supraleitung & Magnetism us

Lotte Wilke CMS
Dr. Stefania Xella Hansen H1

Dr. Bingzhang Xue Ober� ächenph ysik

0. MITARBEITER
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Cor nel Andreoli Bio-Physik
Eva Baby Sekretar iat
Kurt Bösiger Werkstatt

Tiziano Crudeli Dokumentation
Walter Fässler Dokumentation, Elektronik
Omid Fardin Werkstatt
Ruth Halter Sekretar iat

Mar tin Klöc kner Ober� ächenph ysik
Bruno Lussi Werkstatt
Reto Meier Werkstatt

Hanspeter Me yer Elektronik
Lucien Pauli Vorlesungsbetr ieb

Rolf Reichen Werkstatt
Jac ky Rochet CMS, Dar k Matter , Dirac

Monika Röllin Sekretar iat
Mar cel Schaf fner Werkstatt

Jacqueline Schenk Sekretar iat
Silvio Scherr Werkstatt
Jürg Seiler Vorlesungsbetr ieb

Peter Soland Elektronik
Stefan Steiner CAD, CMS, LHCb
Karoly Szeker Elektronik
Peter Treier Werkstatt

Ursula Wolf Sekretar iat
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1 Towards a DarkMatter Experiment

C. Amsler, V. Boccone, A. Büchler 2, A. Knecht 2, C. Regenfus , and J. Rochet

In colla bor ation with:
CIEMAT, ETHZ,Soltan Institute (Warsaw), Universities of Granada and Shef�eld

(ArDM Colla bor ation)

1.1 Introduction

The search for dar k matter isone of the most pressing activities in par ticle ph ysics. Dar k mat-
ter is proba bly made of Weakly Interacting Massive Par ticles (WIMP) which are stable par ti-
cles tra pped in the gravitational �elds of galaxies . The fav ored candidate for WIMPs is the
lightest super symmetr ic (SUSY)par ticle, the neutr alino with a massof at least 40 GeV, accord-
ing to LEPsearches . The direct detection of WIMPs involves scatter ing on tar get nuclei with
recoil ener gies in the range 1 - 100 keV. The cross-sections are tiny but rate predictions are
model dependent, and theref ore uncer tain by several order s of magnitude. They depend
e.g. on the nuclear tar get (atomic number , spin, form factor s) and the type of detector

used (ener gy threshold, resolution, signal dis-
cr imination). The search for WIMPSis hence
exper iment dr iven. The exper imental upper
limit for the cross-section of WIMPS with nu-
cleons isa bout 10� 6 pb.

Noble liquid detector s such as xenon or ar-
gon could act as tar get for WIMP detec-
tion. They hav e high scintillation and ioniza-
tion yields because of their relativ ely low ion-
ization potentials . Ionisation electr ons and
scintillation light may be detected [1]. Ar-
gon is less sensitive to the threshold of the
nuclear recoil ener gy than xenon, because
of form factor s, and is also much chea per .
Also, recoil ener gy spectr a in xenon and ar-
gon are quite different (Fig. 1.1). These liq-
uids are theref ore complementar y in provid-
ing a crosschec k once a WIMP signal has
been found.

Figure 1.1:
Expecteddaily WIMPdetection rate for a 1 ton de-
tector asa function of thresholdfor xenonand ar-
gon, assuminga massof 100 GeVand a crosssec-
tion of 10� 6 pb. The steeper curve is for xenon.

1.2 Theliquid argon detector

We descr ibe here R &D de velopments for an exper iment that could possibly reach a cross-
section of 10� 10 pb. The detector (Fig. 1.2) would contain 1 ton of liquid argon. It exploits the
ratio of scintillation to ionisation in argon and the scintillation time discr imination betw een
nuclear and electr on recoils . With a nuclear recoil ener gy threshold of say 30 keV, a WIMP-
nucleon cross-section of 10� 6 pb would yield 100 events per day per ton. Therefore, a 1 ton

2Diplom a student
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Figure 1.2: Artist's view of the 1 ton ArDM
liquid argon detector to searchfor WIMPS.

Figure 1.3: Thetwo mechanismsleading to the emissionof
128nmphotonsare excitation Ar� + Ar ! Ar�2 ! Ar + Ar +

 and ionisation Ar+ + Ar ! Ar+2 + e� ! Ar�2 ! Ar + Ar +

 . Theenergy required to generate a photon is 68 eV.

argon detector could impr ove signi�cantly on the upper limits, provided that the threshold
of 30 keV and suf�cient bac kground rejection can be achie ved. A drawbac k of natur al
argon lique�ed from the atmosphere is namely the radioactiv e � -emitter 39Ar. Its activity
in atmospher ic argon has been measured to be a bout 1 Bq/kg [2]. It theref ore induces a
bac kground rate of a bout 1 kHz in a 1 ton detector . The �r st milestone in the design of an
exper iment is theref ore the optimization of the light detection from nuclear recoils and and
the rejection of the 
 and � bac kground. Figure 1.3 shows the tw o mechanisms leading to
the emission of 128 nm light in argon.

The concept of WIMP detection in argon is shown
in Fig. 1.4. Primary scintillation light from argon and
secondar y char ge signals are read independently .
Following an ionizing event, ionization char ges dr ift
towards the top of the detector where the y are ex-
tracted from the liquid to the gas phase. An elec-
tron multiplier system then ampli�es the electr ons
to produce a detecta ble signal. The ratio of the
scintillation to the ionization yields is extremely high
for WIMP events , due to quenching. Very high dr ift
�elds up to 5 kV/cm must be reached to detect an
ionization signal from highly quenched nuclear re-
coils .

Because bac kground discr imination requires a high
ratio of scintillation to ionization yields , the VUV scin-
tillation light needs to be detected ef�ciently . Thisis
the main task and responsibility of the Zurich group.
We are also investigating alter nativ e schemes to
photom ultiplier s, such as wav elength shifters read
out by av alanche photodiodes (APD).

LEM

PM

Figure 1.4: Principleof WIMPdetection in
liquid argon (LAR).WIMPslead to a high
ratio of primaryscintillation light detected
by the photomultipliers (PM) to charge
collected by the electron multiplier (LEM)
in gaseousargon (GAR).

1. DARK MATTER
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1.3 Light collection

Monte Car lo simulations suggest that a light collection ef�cienc y of at least 5% for 128 nm
photons will be required to suppress the bac kground from 39Ar � -decay . However, VUV
photons are a bsorbed by most mater ials, with few exceptions such as MgF2 and LiF. A large
area co verage using phototubes with MgF2 windo ws is excluded for cost reasons . Also, the
oper ation of phototubes at cr yogenic temper atures requires photocathodes with a metallic
under layer to pre vent electr ical char ge-up.

However, 128 nm light can be re�ected or wav e-
length shifted. We hav e theref ore investigated
aluminized mylar foils with MgF2 coating and
Tetratex (por ous te�on) foils as specular or diffuse
VUV-mirrors [3]. The re�ecting mater ial ismounted
on a rotating frame in the test bo x immer sed in
clean gaseous argon at NTP (Fig. 1.5). The gas
atoms are excited by � - par ticles yielding 68 eV/
emitted photon and leading to trac ks of typically
5 cm length. An APD is used as the trigger . Direct
and re�ected photons are measured by another
large area APD (15 mm in diameter) with a wide
spectr al range. The re�ection coef �cient is de-
rived from the measurement by Monte Car lo sim-
ulation of the acceptance, as a function of mirror
angle ' . These results are shown in Fig. 1.6, su-
per imposed to measurements from literature. For
Al + MgF2 we obtain a re�ectivity of 91.5% and
for Tetratex 95%. The high re�ectivity of Tetratex is
proba bly due to the �uorescence of te�on in the
yellow region.

Figure 1.5: Setup used to measure the re-
�ectivity of variouscoatedmirrors.

Large area APDs (from Adv anced Photonics) with very thin entr ance windo ws read the 128
nm light. Their quantum ef�cienc y is a bout 60% at 128 nm [6]. However, their small activ e
area require a method for light concentr ation. We hav e theref ore investigated wav e-
length shifters bound to light guides with �lling mater ials such as polystyrene [7]. Preliminar y

Figure 1.6: Re�ectivity of Al + MgF2 (above, from ref. [4])
and Tetratex (right, from ref. [5]), compared to our own
measurements.
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Figure 1.7: Re�ection of UVlight on te�on coatedwith TPB(left) and emitted light (right).

0

10

20

30

40

50

60

70

80

90

280 300 320 340 360 380 400 420 440 460 480 500 520 540 560 580

Emission 

Excitation 

Excitation: 348 nm
Emission: 422 nm

 Tetraphenylbutadiene

In
te

ns
ity

Wavelength [nm]

Figure 1.8: Absorptionandemissionspectra of TPB.

tests with Tetratex foils or acr ylic glass coated with
wav elength shifters give promising results. Figure 1.7
shows tw o samples illuminated with 250 nm UV light.
The white-bluish centre of the Tetratex sample (left) was
coated with tetr a phen ylbutadiene (TPB) dissolved in
chlor oform bef ore being sprayed on the te�on tissue.
The a bsorption maxim um of TPBis around 340 nm, its
emission maxim um around 420 nm (Fig. 1.8). The yel-
low �uorescence of the uncoated te�on can be clear ly
seen around the border s. Figure 1.7 (right) shows a
TPB/polystyrene mixture a pplied to one end of a plexi-
glas cylinder , which demonstr ates tra pping of the emit-
ted light at 420 nm from TPB.

Figure 1.9: Vacuumchamber.

Figure 1.10: Vacuum chamber with
VUVtube.

1. DARK MATTER
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To test functionality and measure light yields ,
decay times , outg asing and other proper -
ties, we hav e built a 7 ` vacuum chamber
which can be �lled with gaseous or liquid
argon (Fig. 1.9). The chamber will also be
used to search for the 39Ar signal. A gas
pur i�cation system �lter s out residual wa-
ter or oxygen traces , both being strong UV
a bsorber s. The gas composition is mon-
itored by a quadr upole mass spectr ome-
ter with high sensitivity (10� 10) connected
through a dosing valv e. Figure 1.10 shows
the top �ange holding a small VUV pho-
totube (1 cm 2 Cs-Te photocathode) with
MgF2 windo w. This de vice has a narrow
spectr al response (115-320 nm) and a well
known quantum ef�cenc y (� 25%) and is
theref ore mainly used for calibr ation. Fig-
ure 1.11 shows a standard bialkali photo-
multiplier (2”, 300-600 nm) mounted on the
�ange for the �r st spectr oscopical measure-
ments .

Figure 1.12 shows an intensity spectr um from
5.3 MeV � ' s emitted by a 210Po source in
argon gas at NTP. With a total co verage
of the inner wall with TPBcoated Tetratex
we could obtain 885 photoelectr ons (p.e.),
corresponding to a detection ef�cienc y of
roughly 1%, which is already encour aging
for a large detector . This setup should be
a ble to detect the 39Ar decays with a mean
ener gy deposit of 218 keV (corresponding to
30 p.e.).

However, as Fig. 1.13 shows, the number
of photoelectr ons depends cr ucially on the
pur ity of argon. The data sample at a par -
tial air pressure of 2 � 10� 6 mbar was se-
lected to analyze the time evolution of the
light output in gaseous argon. The signal
amplitude is shown as a function of time in
Fig. 1.14. One clear ly obser ves tw o com-
ponents which correspond to the decay of
the singlet and triplet molecular states . The
data were �tted by tw o exponential func-
tions con voluted with a Gaussian to de-
scribe the time resolution. The fast compo-
nent has a mean life of 15.7 � 4.0 ns, the slow
component a mean life of 3.12 � 0.08 � s.
The latter agrees with the published value
3.2 � 0.3 � s [9].

Figure 1.11: Bialkali tube with re�ector .

Figure 1.12: Intensity distribution of the 128 nm
light measured in gaseousargon.

Figure 1.13: Numberof photoelectrons as a func-
tion of residual partial air pressure measured for
different experimentalconditions(from ref. [8]).
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Figure 1.14:
Intensityasa function of time showingthe
fast and slow componentsof scintillating
argon (from ref. [8]).

These de velopments will be pur sued in 2006 with liquid argon. We will then investigate the
perf ormance of APDs using focussing Winston cones . Assuming that enough light can be
detected we will then formally propose a dar k matter exper iment e.g. in the under ground
Canfr anc Labor ator y in Spain. We hav e already expressed our interests to the corresponding
Scienti�c Committee.
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2 UltracoldNeutrons

P. Fierlinger , S.Heule, A. Knecht, U. Straum ann

in colla bor ation with: ETHZ;Fraunhof er IWS, Dresden; ILL,Grenoble; Jagellonian University,
Craco w; JINR,Dubna; LPC, Caen; LPSC,Grenoble; PSI,Villigen; Université de Fribour g

At the Paul Scherrer Institute (PSI),a new high-intensity source for ultracold neutr ons (UCN) is
currently under constr uction, to which we presently contr ibute. It will provide the oppor tunity
to search for the electr ic dipole moment of the neutr on (nEDM, see [1; 2]) with one to tw o
order s of magnitude better sensitivity. At this level, e.g., super symmetr ic theor ies predict a
�nite nEDM, and its obser vation would correspond to the disco very of new ph ysics.

2.1 Wall-lossand depolarizationof stored UCN

Ultracold neutr ons [3; 4] hav e a kinetic ener gy which is belo w the Fermi potential of some
mater ials (e.g. Beryllium 258 neV) and thus are totally re�ected by walls co vered with such
mater ial. ThisUCN ener gy corresponds to a temper ature of 3 mK, a velocity of 6.8 m/s and
a wav elength of a bout 50 nm. However, Beryllium is highly to xic, and theref ore efforts are
made to replace it by a non-hazardous mater ial like diamond-lik e Carbon (DLC), which
belongs to the group of amor phous Carbon mater ials.

In addition to the Fermi potential, the wall-loss proba bility per wall collision and the depo-
lar ization proba bility are the impor tant par ameter s for the perf ormance of a mater ial used
for UCN storage. In 2004 in an exper iment [5] at Grenoble we tra pped polar ized neutr ons
in 'bottles', coated with DLC and Beryllium. The resulting measurements of the tw o par am-
eter s were published in 2005 [6; 7] and showed that DLC foils can be used for UCN storage
in a wide range of new exper iments , as well as for the UCN source at PSI.In addition the
�r st time losscoef �cient and depolar isation were measured simultaneously , thus correlations
betw een these tw o par ameter s could be studied more relia bly

2.2 Production of Diamond-like carboncoatings

In the past year , we de veloped and optimized a char acter ization procedure that allo ws
quality contr ol of self-produced DLC samples [8]. The procedure consists mainly of tw o dif-
ferent methods , Raman spectr oscop y and X-ray photoelectr on spectr oscop y (XPS).With this
procedure we could char acter ize samples that were produced in an existing coating facil-
ity at PSI,based on the pulsed Laser deposition (PLD) method. There, pyrolytic gra phite is
a blated by a pulsed UV-Laser and can form a thin layer of DLC on var ious kind of substrates
as stainless steel, Aluminium, Silicon, etc. The adv antage of the PLDmethod is, that it can be
perf ormed under (ultra-)high vacuum conditions . Thisminimizes the incor por ation of other
elements , especially strong neutr on a bsorber s and up-scatterer s, like Boron or Hydrogen.
However, the Fermi potential of these �r st coatings (Laser wav elengths 266 nm and 248 nm)
was slightly belo w that of Beryllium, but was a ppr oximately on the same level as the DLC
measured in our exper iment [7] mentioned a bo ve. Figure 2.1 shows the XPSspectr um of a
DLC �lm deposited at 266 nm on Silicon.

An XPSspectr um of a DLC coating can be decon volved into tw o peaks corresponding to
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the sp2 (gra phite bonds) and sp3 (diamond
bonds) fraction. With increasing exper ience
in producing DLC �lms by PLD, we could in-
crease the sp3 fraction to a bout 50% and
consequently the Fermi potential to a bout
260 neV.

Finally we beg an with the constr uction of
a new PLD setup for coating the inside of
tubes with an inner diameter of 70-250 mm.
Such tubes with a DLC coating can be
used as UCN guides . The setup consists of
an excimer Laser which is run at 193 nm
wav elength and a vacuum chamber , in
which the deposition tak es place. The laser
can reach up to 500 mJ per pulse and can
be oper ated at repetition rates up to 50 Hz.
A quar tz lens focuses the laser beam onto
the gra phite tar get. The po wer density of
the laser beam on the tar get is in the order

Figure 2.1: XPSspectrumof DLCcoating grown on
Siliconby PLDwith 266nm wavelength.Measured
data (squares)and the corresponding�t (lines)of
three peaksare shown.

of 5� 108 to 1� 109 W/cm 2. The substrate tube will be rotated around and translated along the
tar get. The chamber is also equipped with an electr ode that allo ws in-situ glo w dischar ge
cleaning of the substrate in order to optimize the adhesion of the DLC �lm and to minimize
impur ities in the coating. A more detailed descr iption can be found in [9]. In a �r st stage
we will produce small test samples mounted in a few centimeter s distance from the tar get
in order to �nd optim al process par ameter s. For this pur pose we only use the centr al par t
of the coating facility , which is a one meter long vacuum tube with 40 cm diameter . In a
second step we will extend the vacuum tube to a full length of 2.5 m which gives us enough
space for coating tubes with one meter length. First tests hav e shown that we can reach a
pressure of a bout 2 � 10� 6 Pa without special cleaning and baking out the vacuum tube.
The DLC char acter ization and the PLDsetup for tubes are the thesis subject of Stefan Heule.
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3 PrecisionMeasurementsin Rare PionDecays

P. Robm ann, T. Sakhelashvili, A. van der Schaaf , S.Scheu, U. Straum ann and P. Truöl

in colla bor ation with:
CSRT, Faculty of Physics, So�a, Bulgar ia; Depar tment of Physics, University of Virginia,
Char lottesville, USA; Dept. of Physics and Astronom y, Arizona State University, Tempe, USA;
Institute for Nuclear Studies, Swierk, Poland; Institute for High Energy Physics, Tbilisi,Geor gia;
JINR, Dubna, Russia; Paul Scherrer Institut, Villigen, Switzerland and Rudjer Bo�skoviá Intitute,
Zagreb, Croatia

(PIBETA/PEN Colla bor ation)

The PIBETA Collaboration perf orms a research progr am on rare � and � decays at PSI.Two
decay modes are presently being studied:

- � + ! e+ � e

Data tak en par asitically with the � + ! � 0e+ � e exper iment showed 20% de viations from
the Standard Model prediction in the kinem atic region of high E 
 and low Ee+ . To clar ify
the situation a dedicated exper iment was perf ormed in the year 2004 and �r st results
became av aila ble last year . These new data showed no anom aly and allo wed very
signi�cant impr ovements in the deter mination of the vector and axial-v ector form factor s
FV and FA . Using the conser ved-v ector -current hypothesis (CVC) FV is connected with
the lifetime of neutr al pions . The value of FA is model-dependent.

- � + ! e+ � e

Thisdecay mode offers the most sensitive test of lepton universality in char ged-current
interactions . During 2005 extensiv e beam studies were perf ormed at PSI.A proposal by
the PEN Colla bor ation to measure the branching ratio with a precision of O(0.1%) was
accepted with high pr iority by the PSIProgr am Advisor y Committee in Febr uar y 2006.

3.1 The� + ! e+ � e
 decay

The � + ! e+ � e
 decay was recorded dur ing � + ! � 0e+ � e data taking [1]. This was the
�r st time that this decay mode was studied with a setup with almost complete geomet-
ric acceptance. Two decades ago we studied this decay [2] and its Dalitz correction
� + ! e+ � ee+ e� [3] and more recently the corresponding kaon modes K + ! e+ � ee+ e� ,
K + ! � + � � e+ e� , and K + ! e+ � e� + � � . These decays proceed via a combination of in-
ner bremsstrahlung (IB) and tw o structure dependent (SD+ , SD� ) amplitudes . Whereas inner
bremsstrahlung bear s no information of interest the structure dependent contr ibution allo ws
a deter mination of meson form factor s which, in turn, are an impor tant input into chiral per -
turbation theor y. Figure 3.1 shows the relativ e contr ibutions to the distribution of photon and
electr on ener gies.

In the �r st data tak en with the PIBETA setup 20% de viations were obser ved in the kinem atic
region of high E 
 and low Ee+ . Thiskinem atic region could not be studied in ear lier mea-
surements because of the high level of accidental coincidences with positrons from � ! e� �



10 Physik-Institutder Universität Zürich

Figure 3.1:
Distributions of the structure dependent
(SD+ , SD� ) and inner Bremsstrahlung (IB)
contributions.

decay . To clar ify the situation a dedicated measurement [4] was perf ormed at reduced
beam intensity for which we contr ibuted an impr oved activ e tar get. Thanks to the impr oved
conditions almost bac kground free data could be collected as is demonstr ated in Fig. 3.2.

Figure 3.2:
Signal histograms for eight
kinematic regions de�ned in
the last panel.

3. PRECISIONMEASUREMENTSIN RAREPION DECAYS
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The �t of the form factor s to these data resulted in:

FA = 0:0118� 0:0003 (3.1)

FV = 0:0262� 0:0015 (3.2)

a = 0:241� 0:093 ; (3.3)

where a descr ibes the momentum dependence of the form factor s which was never deter -
mined bef ore. These results were obtained without an y constr aints or theoretical hypotheses .
Earlier measurements usually resulted in a value for FA =FV only. This ratio is directly con-
nected to the pion polar izability � E de�ned by: ~p = � E � ~E (~p pion electr ic dipole moment)
through:

� E =
2�

8� 3m� f 2
�

�
FA

FV
= (2:81� 0:07) � 10� 4 fm3 ; (3.4)

where the numer ical value was deter mined using our new results.

As mentioned a bo ve FA and FV also give constr aints on ter ms (l9 and l10) of the Lagrangian
of Chiral Perturbation Theory:

l9 + l10 =
1

32� 2

FA

FV
= (1:42 � 0:04) � 10� 3 : (3.5)

[1] Precisemeasurementof the pion axial form factor in the � + ! e+ � 
 decay,
E.Frle� et al. , Phys.Rev.Lett.93 (2004)181804[arXiv:hep-ex/0312029].

[2] A.Bayet al. , Phys.Lett.B174,445(1986).

[3] S. Egliet al. , Phys.Lett.B222,533(1989).

[4] Studyof the � + ! e+ � 
 anomaly,
PSIProposalR-04-01.1,E.Frle� andD. Po�canícspokesmen,January2004.

3.2 A precisiondetermination of the � + ! e+ � branchingratio

As was discussed in last year' s annual repor t the � + ! e+ � / � + ! � + � branching ratio is the
best test of �e universality, i.e. the equality of the couplings of �� � and e� e to the W boson.
Two exper iments [1; 2] contr ibute to the present world av erage [3] for the measured value:

Rexp
e=� = 1:230(4) � 10� 4 (3.6)

During the year s 1999/2001 the PIBETA exper iment recorded a huge sample of � + ! e+ �
decays . Although the measurements were not optimized for this decay mode a clear � + !
e+ � signal was obser ved with a total systematic error belo w � 1%, i.e. within a factor 2-3 of
the dedicated exper iments . The main contr ibution to this uncer tainty is in the deter mination
of the number of stopped pions . The statistical uncer tainty associated with the number of
obser ved � + ! e+ � events is totally negligible in this data set.

In Febr uar y 2006 a proposal by the now-called PEN Colla bor ation [4] was accepted with
high pr iority at PSI.It is planned to tak e �r st test data with the new setup in the year 2006
which will be followed by tw o year sof real data taking. Our group took over the responsibility
to de velop an ultra-fast beam monitor ing system based on 0.6 ns scintillator and micr ochan-
nel photom ultiplier s. Wav eform digitizer swith � 5 GHz sampling rates would be used with the
aim of reaching a double pulse resolution O(1 ns) in the tar get detector . During a test per iod
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Figure 3.3: Distribution of �ight time along the last � 4 m of the
� E1beamlineandenergy lossin a moderator counter. Resultsfrom
our 2005tests at PSI.Pions, muonsand electronsare clearlysepa-
rated. Thisinformation will be crucial in estimating the contribu-
tion from pion decayin �ight in the �nal data. Thetime of �ight
will alsoallow a precisedetermination of the pion momentum.
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Figure 3.4: Secondary(black) and
tertiary (red) target signals. The
secondarysignalsare totally domi-
natedby muonsfrompion decayat
rest. Thevery low background left
of the peak is closeto the level ex-
pectedfrom � ! e� .

of several weeks at PSIwe lear ned, however, that these novel photo-detector s are very fast
indeed but show a strong ringing after the signal. For this reason it was decided to use
very fast (0.7 ns risetime) standard photom ultiplier s instead. During the tests at PSIwe also
tried to tune the beam to the lowest possible momentum (� 70 MeV/c as compared to
� 120 MeV/c for PIBETA running). At these lower momenta the range straggling is much re-
duced leading to a better de�nition of the pion stop distribution. At the other hand, because
of the 26 ns pion lifetime the pion rate at the exit of the � E1 channel drops quic kly towards
lower momenta where the beam contains order s of magnitude more electr ons and muons.
Thisproblem could be solved by inserting a thin degr ader halfw ay the channel. After the
degr ader pions hav e lower momenta than the other par ticles which can be exploited to
suppress electr ons and muons. As can be seen from Fig. 3.3 the selected beam contains
similar amounts of � , � and e which can be easily distinguished on the basis of their velocity
and dE=dx.

The � ! e� decays are distinguished from � ! �� decays followed by � ! e� � on the basis of
the different positron ener gy distributions and the different decay time distributions . A major
source of systematic errors is the uncer tainty in the low-ener gy tail of the � ! e� decay
caused by shower leakage in the electr om agnetic calor imeter and nuclear interactions
producing neutr ons. It is thus impor tant to be a ble to measure a � ! e� spectr um with as
little � ! �� contamination as possible. For this reason we chec ked dur ing the tests at � E1the

3. PRECISIONMEASUREMENTSIN RAREPION DECAYS
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a bility to distinguish � ! e events from � ! � ! e events on the basis of tar get signals alone.
Here one exploits the fact that muons from pion decay at rest are mon-ener getic, hav e a
range of only 2 mm and deposit their full kinetic ener gy in the tar get. As is demonstr ated
in Fig.3.4 it is possible to distinguish the tw o components in the amplitude distribution for
secondar y par ticles obser ved in the tar get shortly after a pion stop.

[1] G. Czapeket al. , Phys.Rev.Lett.70,17(1993).

[2] D.I.Brittonet al. , Phys.Rev.Lett.68(1992)3000,D.I.Brittonet al. , Phys.Rev.D49,28(1994).

[3] S. Eidelmanet al. , (ParticleDataGroup),Phys.Lett.B592,1 (2004).

[4] PreciseMeasurementof the � + ! e+ � Branchingratio,
D. PocanicandA.vanderSchaafspokesmen,PSIProposalR-05-01.1.
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4 Search for K � -Atoms

Y. Allkof er, C. Amsler, S.Horikaw a, I. Johnson 3, H. Pruys4, C. Regenfus , and J. Rochet

In colla bor ation with:
Academ y of Sciences of the Czech Republic, CERN, KEK (Tsukuba), Institute of Atomic
Physics (Bucarest), JINR (Dubna), Labor ator y Nazionali di Frascati, IHEP(Protvino), University
of Basel, Bern, Ioannina, Kyoto, Lomonoso v, Prague, Santiago, Trieste, Tokyo (Metr opolitan)
(DIRAC II Colla bor ation)

4.1 TheK � scattering length

The K � � + -atom is a hydrogen-lik e non-relativistic system of a K � and a � + bound by the
Coulomb force. Such atoms hav e not been obser ved so far, in contr ast to � + � � atoms
which were obser ved and studied by the DIRAC Colla bor ation at CERN [1]. For K � -atoms
the binding ener gy of the 1s level is 2.9 keV and the Bohr radius 250 fm. The atom is unsta-
ble and decays into �K 0� 0 (Fig. 4.1). The atomic level is shifted by the overlap of the pion
and kaon wav e functions . The ener gy shift, deter mined by the scatter ing lengths a1 and a3

e.m.

strong
K-

p+

K0

p0

Figure 4.1:
K � � + - atomsdecayinto �K 0� 0.

K K

p, n p, n, D

p
p

Figure 4.2: K � -scatteringin K p - in-
teractions.

in the isospin 1/2 and 3/2 K � states , respectiv ely, is pre-
dicted to be a bout - 10 eV (i.e. towards stronger bind-
ing) [2]. Up to a calcula ble small correction [2] the
width � (or the lifetime � ) of the 1s level is related to
the scatter ing lengths by the equation

� =
1
�

= 8p� � 2� 3
�

a1 � a3

3

� 2

; (4.7)

where p� = 11.5 MeV/c is the � 0 (or K 0) momentum in
the rest frame of the atom, � is the K � reduced mass,
and � the �ne-str ucture constant.
Predictions for � can, in pr inciple, be der ived from the
K � S- wav e phase shifts obtained from K � - scatter ing,
e.g. by scatter ing kaons on nucleons (Fig. 4.2). We
recall that the scatter ing lengths a1 and a3 are the
slopes of the phase shifts � 1(k) and � 3(k) in the limit
where the momentum k becomes vanishingly small.
The scatter ing lengths a1 and a3 are poor ly known.
Figure 4.3 shows the S - wav e K � phase shifts from
ref. [3]. The � 1 (S1=2) - phase is poor ly known belo w
1 GeV, showing a peculiar oscillation patter n. Abo ve
1 GeV the S - wav e interaction is dominated by the
K �

0 (1430) resonance. Figure 4.3 also shows the P1=2

phase which is dominated by the K � (892) resonance.
The interaction is attr activ e in the i = 1/2 and repul-
sive in the i = 3/2 state. The uncer tainties in a1 and
a3 are substantial: the extra polation to zero ener gy
from the var ious phase shift measurements disagree

3until October 2005
4until August 2005

4. K � -ATOMS
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by large factor s: measurements of a1 vary
betw een 0.17 and 0.34 m� 1

� , those of a3 be-
tw een - 0.07 and - 0.14 m� 1

� . The scatter -
ing lengths were also computed from disper -
sion relations using scatter ing data, assuming
analytical continuation, unitar ity and crossing
symmetr y [4]:

a1 = 0:224� 0:022m� 1
� and

a3 = � 0:0448� 0:0077m� 1
� : (4.8)

However, there are inconsistencies belo w
1 GeV/c [4]. Using eqs . (4.7) and (4.8) one
�nds a mean life � � 3.7 fs for the K � atom,
with a rather large uncer tainty .
The scatter ing lengths are of great impor -
tance for chiral per turbation theor ies (ChPT).
The mean life of � + � � -atoms , recently mea-
sured by the DIRAC Colla bor ation [1], is in ex-
cellent agreement with predictions from ChPT
[5] and with direct measurements of the scat-
ter ing length from the K ! � + � � e� decay [6].
In contr ast, the K � - scatter ing length probes
ChPT extended to s-quar ks, i.e. in the limit
where the masses of the u-, d- and s-quar ks
vanish. Figure 4.4 shows the prediction for a3

vs. a1 from ChPT predictions [7], together with
the disper sion calculation from ref. [4]. They
are not in good agreement and there is a
strong correlation betw een a3 and a1. The
blue band shows the sensitivity of a hypotheti-
cal 20%accur ate measurement of the lifetime
of K � -atoms . A 20% measurement error in the
lifetime leads to a 10% error in ja1 � a3j.

A measurement of the scatter ing length also
yields information on nearb y broad reso-
nances . As mentioned a bo ve, S - wav e K �
scatter ing is dominated by the K �

0 (1430) res-
onance. However, there is mounting evi-
dence for a very broad resonance around
800 MeV, the K �

0 (800) (or � ). For example, re-
cent data in J= ! K + K � � + � � repor t the
� at a mass of � 800 MeV with a width of
� 600 MeV [8]. Establishing the � is essential
to under stand the nature of scalar mesons .
The ground state nonet could be made of
the four-quar k states and/or meson-meson
resonances a0(980), f 0(980), f 0(600) (� ) and
K �

0 (800) (� ) [9]. If the latter indeed exists as a
very broad state, it will in�uence the value of
a1.

S 3/ 2

S 1/ 2

P 1/ 2

m(Kp)[GeV]

m(Kp)[GeV]

Figure 4.3: K � phaseshifts from ref. [3] show-
ing the � 3 (S3=2), the � 1 (S1=2), and the P1=2

phasesasa function of K � mass.
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Figure 4.4: a3 vs. a1 from ChPT[7] and from
dispersion relations [4]. Themost recent mea-
surements (m � a1 = 0.335 � 0.006, m � a3 = -
0.14 � 0.007,seeref. [3]) lie outside the range
of this plot. Theblue band showsthe sensitiv-
ity of a 20% measurement of the mean life of
K � -atoms.
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4.2 TheDIRACII experiment

The Zurich group has joined the DIRAC exper iment and will concentr ate on the search and
study of K � - atoms . We will provide the aer ogel �Cerenko v counter s for kaon detection and
also the heavy gas system for the pion �Cerenko v counter s.

In the DIRAC a ppar atus kaons and pions are produced by the pr imary 24 GeV/c proton
beam from the PSimpinging on a 100 � m thic k nic kel foil [10]. The emer ging par ticles are
analyzed in a double-ar m magnetic spectr ometer measur ing the momentum vector s of
tw o oppositely char ged hadr ons (Fig. 4.5). K � � + - atoms , once produced, mo ve forw ard
and either annihilate into �K 0� 0 or ionize in the tar get. Since annihilation and ionization are
competing processes, the mean life isobtained by measur ing the breakup proba bility in the
tar get, which can be calculated as a function of mean life. It is a bout 30 % in a 100 � m Ni
tar get, assuming a mean life of 4.7 fs [11].

The breakup proba bility is given by the ratio of the number of dissociated pair s to the num-
ber of produced atoms . The dissociated kaon and pion emer ge behind the tar get with a
very small relativ e momentum Q < 3 MeV/c. One theref ore expects an accum ulation of
events near Q = 0 which gives the number of dissociated pair s. Then one calculates the
number of produced K � -atoms by measur ing the number of unbound Coulomb pair s from
the measured Q-distribution at large Q. The number of produced K � -atoms is obtained
through a known relation betw een unbound and bound Coulomb pair s. Thisprocedure has
been a pplied to � + � � atoms and details can be found in ref. [1].

The DIRAC a ppar atus (Fig. 4.5) has to be modi�ed to discr iminate betw een pions and kaons .
Muons are identi�ed by counter sbehind the concrete a bsorber . Electrons trigger the N2 gas

Figure 4.5: Sketch of the updated DIRAC spectrometer, showing the locations of the �Cerenkov counters
to identify electrons, pions and kaons. MDC= microdrift chambers, SFD= scintillating �br e detector, IH
= ionization hodoscope, DC= drift chambers, VH,HH= scintillation hodoscopes, PSh= preshower, Mu =
muoncounters.

4. K � -ATOMS
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�Cerenko v counter . The new C4F10 gas �Cerenko v counter identi�es pions , while kaons are
detected in the aer ogel �Cerenko v. Contaminating protons in the left arm are suppressed
since the y are belo w threshold for �Cerenko v radiation. The right arm aer ogel (for K � � + -
atoms) is not essential since the �ux of antipr otons is much smaller than the �ux of neg ativ e
kaons .

4.3 Theaerogel counters

Figure 4.6 shows the momentum distribution of
kaons from K � -atoms at the entr ance of the
�Cerenko v counter s as a function of hor izon-
tal coordinate (in the plane of Fig. 4.5). This
distribution was calculated using the known
production cross sections at 24 GeV/c. Kaons
from K � -atoms hav e momenta betw een 3.9
and 8.9 GeV/c. Figure 4.7 shows the vertical
distribution which is not �at due to the slight
upw ards inclination of the spectr ometer s. For
the emission of �Cerenko v radiation the refrac-
tive index n has to be chosen so that n > 1=�
(w here � isthe velocity of the par ticle). Hence
the quantity n � 1 has to be small enough to
av oid signals from fast protons (� ' 1), yet
large enough to detect kaons . In the mo-
mentum range co vered by the a ppar atus , n
isrequired to be typically 1.010, which is larger
than can be achie ved with pressurized gas
counter s and smaller than for all known solid
or liquid radiator s, except aer ogel. One con-
cludes from Fig. 4.6 and 4.6 that the aer ogel
counter has to co ver a surface of a bout 35 x
40 cm 2.
Aerogel is made of colloidal SiO2 grains of
size � 2 nm and pores � 50 nm. The index
of refraction depends on density � (n = 1 +
0:21� [g=cm3]). For example, for the n = 1:008
aer ogel needed here, the density is 0.039
g/cm 3. The light yield is propor tional to the
factor

f = 1 �
1

� 2n2 (4.9)

which decreases quic kly when n ' 1. Thisfact
is the main dif �culty with thin �Cerenko v coun-
ter s. As we show belo w in Fig. 4.9, a good K � p
separ ation can be achie ved with tw o indices
of refraction, n = 1.008 and 1.015. The lowest
index is needed to impr ove the separ ation in
the region of high ener gy protons close to the
pr imary beam line.
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Figure 4.6: Momentum distribution of kaons
from the breakup of K � -atoms. Small angles
with respectto the primary proton beamare to-
wards the right.
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Figure 4.8: Three aerogel counters are
neededto separate protons from kaons. The
upstream pair has n = 1.015, the down-
streamcountern = 1.008.Smallangleswith
respectto the primary proton beamare to-
wards the left.

The 1.015 counter is segmented into
tw o par ts to reduce pileup. Figure 4.8
shows the conceptual design. Each
counter isvertical (40 cm long) viewed
by tw o photom ultiplier s, one at each
end.
We hav e initiated an R&D progr am
to measure the light yield of aer ogel
and to optimize the geometr y. Most
of the measurements were made with
n = 1.05 aer ogel which is easily av ail-
a ble. We hav e measured the num-
ber of photoelectr ons Np:e: for a thic k-
ness of 10 cm of aer ogel and for a 10
cm long slab viewed by tw o photo-
multiplier s (PM) with UV windo ws. The
measurements were made with cos-
mic ray muons which hav e an av er-
age momentum of 700 MeV/c ( �� =
0.989) since test beams were not av ail-
a ble at CERN in 2005. We hav e ob-
tained a bout 3 photoelectr ons / cm
of aer ogel (summing the signals from
both tubes). Extra polation from n =
1.05 to lower indices and � = 1 can
then easily be made using eq. (4.9).

However, the a bsorption length increases ra pidly
from a bout 10 cm at 270 nm to 3 m at 350 nm
[12]. Therefore, 40 cm long aer ogel counter s are
likely to be problem atic. Figure 4.9 shows the ex-
pected av erage number of photoelectr ons as a
function of momentum for kaons and protons .
The upper boundar ies of the bands are for par ti-
cles trav ersing the counter close to one of the
PM, the lower boundar y for those crossing the
counter in the middle. The strong a bsorption
can be compensated by increasing the thic k-
ness of aer ogel in the middle of the counter (see
Fig. 4.16 belo w), which is easily feasible since
aer ogel is deliv ered in 1cm thic k tiles. Figure 4.10
shows a simulation of the signal attenuation.

Figure 4.9: Averagenumberof photoelectronsasa func-
tion of momentumfor n = 1.008(left) and 1.016(right)
for a thicknessof 15 cmand a length of 40 cm.
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Figure 4.10: Signalamplitude as a function of the dis-
tance at which the particle crossesthe aerogel counter
(arbitrary scale). The photomultipliers are located at
the edges(� 20 cm). Theblue (bottom) curve is for a
counter with constant thickness, the red (middle) curve
for 4 additional tiles and the green(top) curvefor 6 ad-
ditional tiles in the middle of the counter.
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Figure 4.11: a) setup for light yield mea-
surements,
b) photographof the aerogel tiles.
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Figure 4.12: Principle of setup to mea-
sure the refractive index.

Figure 4.13:Photographof the setup.

Npe

Figure 4.14:
Numberof photoelectrons for a 10 cm thick, 10 cm long,
n=1.05 aerogel counter, using cosmicmuons, and for dif-
ferent geometriesand WLS. Thearrow showsthe optimum
designwith p-terphenyldissolvedin chloroform.

We also tried a novel setup using wav elength
shifters (WLS). Figure 4.11 shows the arrangement
in our lab. The 2.5 cm thic k aer ogel tiles were
sandwiched betw een re�ectiv e Tetratex foils which
were sprayed with WLS. For example, p-ter phen yl
dissolved in chlor oform shifts light from 270 to 340
nm, which reduces a bsorption and leads to some
5.5 p.e. /cm or 7 p.e. /cm for � = 1 (Fig. 4.14). Using
this last �gure one then expects a bout 3 (12) photo-
electr ons at 4.5 (8) GeV/c for 15 cm of 1.008 aer o-
gel. These resultsare quite encour aging when com-
pared to Fig. 4.9a, but the y need to be chec ked
with a prototype of the �nal length and depth.
We hav e also built a simple a ppar atus to measure
the refractiv e index of aer ogel using the refraction
of a laser beam, following ref. [12]. Figures 4.12 and
4.13 show a tile of aer ogel illuminated by a laser
beam incident under the angle � . One measures
the displacement of the beam spot on a distant
screen, i.e. the de�ection 
 of the beam which exits
the aer ogel:


 = � � � +
�
2

+ asin[sin � sin � + n

s

1 �
sin2 �

n2 cos� ]:

(4.10)
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Figure 4.15:
Measurement of laser spot displacementas a function
of incident angle, with �t following eq. (4.10).

Figure 4.16:
Exploded view of the n = 1.015 aerogel
countershowingthe pyramidal design.

With at least tw o incident angles � one can eliminate � (expected to be around 00). Figure
4.15 shows the measurements for a piece of n = 1.05 aer ogel, together with the �t leading to
n = 1:055� 0.002.

Figure 4.16 shows the design of the n = 1.015 aer ogel detector built in the workshop of the
Physik - Institut. The 5” Photonis - Philips XP4570/B photom ultiplier s with UV windo ws will be
used. The 14 ` of n = 1.008 aer ogel has been produced by the Budker and Boreskov Institutes
in Novosibirsk, the 24 ` of n = 1.015 by Panasonic. The constr uction and tests are being
perf ormed in ear ly 2006 and the detector s will be installed in the summer of 2006, when
DIRAC resumes data taking. DIRAC (PS212) has been a ppr oved by the CERN Research
Board to run at least until 2008. Extra polating from � � data, we estimate that some 1000
K � -atoms should be obser ved by DIRAC dur ing 2006 - 2008.
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5 Particle Physicsat DESY/HERA(H1)

J. Bec ker (until Apr il 2005), L. Lindfeld, Kathar ina Müller, K. Nowak (since November 2005),
P. Robm ann, S.Schmitt (until May 2005), C. Schmitz, U. Straum ann, P. Truöl, and Stefania Xella
Hansen

in colla bor ation with:
N. Berger , M. Del Deg an, C. Gra b, G. Leibenguth, B.List,M. Sauter, A. Schöning, R.Weber and
T. Zimmer mann, Institut für Teilchenph ysik der ETH,Zürich; S. Egli, R. Eichler, M. Hildebr andt,
and R. Horisberger , Paul–Scherrer –Institut, Villigen, and 34 institutes outside Switzerland

(H1 - Colla bor ation)

5.1 Electron-proton collisionsat a centre of massenergy of 320 GeV- summary

Betw een Apr il 2003 and Apr il 2006 the H1-colla bor ation has collected 260 pb � 1 of data from
collisions of 27.4 GeV electr ons (192 pb � 1) and positrons (68 pb � 1) with 920 GeV protons with
its detector at the HERAstorage ring at DESY. Apar t from the increased luminosity this post-
upgr ade HERA-IIphase differs from the HERA-Iphase (1993-2000) through the av aila bility of
both left- and right-handed longitudinally polar ized electr on and positron beams with polar -
isations of up to 40%. With this integr ated luminosity we hav e now more than doubled the
useful data from the HERA-Iphase. That this still falls short of what isneeded for searches aim-
ing at be yond the Standard Model ph ysics may be illustrated with the results of a multilepton
analysis. Using all av aila ble data accum ulated betw een 1994 and 2005 (275 pb � 1) multi-
lepton (electr on or muon) events at high transverse momenta were analysed. The yields of
dilepton and trilepton events were found to be in gener ally good agreement with Standard
Model (SM) predictions . Combining all channels , four events are obser ved with a scalar
sum of lepton transverse momenta (� Pt ) greater than 100 GeV/c, compared to a SM ex-
pectation of 1:1 � 0:2. These four events are obser ved in e+ p collisions only where the SM
expectation is of 0:6 � 0:1 and only one of them in the e� channel is from the HERA-IIdata
(157 pb � 1 in this analysis).

However for the vigor ous progr am of both the H1- and the ZEUS-Collabor ation dedicated
to the explor ation of proton structure and tests of quantum chr omodynamics (QCD) pre-
dictions a wealth of data is av aila ble, is being analysed and leads to a continuous �o w of
publications . This progr am entails the precise deter mination of the neutr al and char ged
electr oweak current cross sections at high momentum transfer leading to par ton density
functions in pre-HERA inaccessible dom ains of Bjorken x and momentum transfer Q2, dif frac-
tively produced �nal states , hidden and open char m and beauty production as well as the
already mentioned searches for states outside the Standard Model.

5.2 Inner multiwire chamberand vertex trigger

The new �v e-lay er inner multiwire propor tional chamber with �ner granular ity and increased
redundanc y, equipped with new electr onics and a new optical readout deliv ering signals
for an impr oved z-vertex trigger , which was built by the Zurich group for the upgr aded H1-
detector , requires only maintenance now. It is an essential ingredient of most H1 trigger
combinations , and hence its perf ormance needs to be carefully and continuously moni-
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tored by our group member s. In November 2005 the oppor tunity of a HERAmaintenance
shutdo wn was used to access the chamber and replace a few broken electr onics items , like
po wer supply regulator s and optical transmission units.

5.3 Analysisactivities

The focus of the Zurich group has now shifted to data analysis. Our contr ibutions deal with
excited fermions , where a thesis of a Zürich graduate student has been concluded [1]. A
� -lepton analysis has been �nished and submitted to a journal [2] (see section 5.3.2 belo w).
Search for lepton �av or violation and photons within jets are studied within the frame work of
tw o ongoing Zürich thesis projects . They are near ing conclusion and discussed in Sec. 5.3.3
and 5.3.4 belo w.

The analysis of HERA-Idata in the H1 colla bor ation lead to 17 publications [2]-[18], of which
�v e are still being reviewed or are in pr int. Additional, however preliminar y results hav e been
comm unicated to the summer 2005 high-ener gy ph ysics conf erences [19]-[31]. These anal-
yses deal in the worst case with a bout 15 pb � 1 of data [6; 14] and in the best case with
a bout 120 pb � 1 of data [2; 10; 11; 18]. The �r st publication from HERA-IIrunning with po-
lar ized positrons has a ppeared in pr int [32] (27 pb � 1 righthanded, 21 pb � 1 lefthanded). An
update of the high Q2 char ged and neutr al current data tak en with polar ized electr on and
proton beams betw een 2003 and 2006 isgiven belo w in Sec. 5.3.1.

A large fraction of these publications deals with searches for states and interactions outside
the Standard Model, either of gener al type [27; 28], or dedicated to speci�c objects such
as excited fermions [1], gravitinos [4], magnetic monopoles [5], leptoquar ks [10; 33; 34] and
a doubly char ged Higgs boson [18]. The other tw o areas , where our group has been activ e
in the past, char m and beauty production [3; 7; 8; 12; 15; 23; 24; 25; 26; 29] bene�t strongly
from the precise trac king information av aila ble from the silicon vertex detector , which was
built almost exclusiv ely by the Swissgroups within the H1-colla bor ation. The studies of the
diffractiv e component of deep inelastic scatter ing hav e yielded only to tw o new results, an
analysis of elastic J 	 - and of high transverse momenta � -production [15; 17].

5.3.1 New results from measurements with polar ized beams

Data tak en with electr ons and positrons of different longitudinal polar isation states in colli-
sion with unpolar ised protons at HERAare used to measure the cross sections of the neutr al
and char ged current processes, e� p ! e� X and e� p ! � X , respectiv ely. The polar isation
asymmetr y is measured as a function of the four-momentum transfer Q2, and compared
with the Standard Model prediction. An impr oved deter mination of structure function xF 3 is
obtained using the new neutr al current data in combination with pre viously published unpo-
lar ised data from HERA-I.The HERA-IIchar ged current total cross section analysis so far has
been restricted to the kinem atical dom ain Q2 > 400GeV 2 and inelasticity y < 0:9. Together
with the corresponding cross section obtained from the pre viously published unpolar ised
data, the polar isation dependence of the char ged current cross section is measured and
found to be in agreement with the Standard Model prediction.

Figure 5.1 shows a distribution of the integr ated luminosity versus the longitudinal beam po-
lar isation for both directions of the handedness . Consider a ble var iations of the degree of
polar isation measured by the polar imeter s betw een 20% and 40% hav e to be toler ated.

5. PARTICLEPHYSICSATDESY



AnnualReport2005/06 23

Figure 5.1: Distribution of the integrated luminos-
ity versuspolarisation during the two HERA-IIrun-
ning periodswith electronsand electrons.

Figure 5.2: Charged current cross section versus
polarisation. HERA-IIpositron (2003/4)and elec-
tron data (2005)for Q2 > 400GeV2 and inelastic-
ity y < 0:9 are combinedwith unpolarisedlepton
data from 1999/2000(e+ ) and1998(e� ). Thesolid
lines represent the standard model predictionsus-
ing particle densityfunctionsderivedfrom H1neu-
tral current data.

One of the main ph ysics topics with longitudinally polar ized leptons at H1 is the direct search
for right-handed char ged currents using the relation

� C C = (1 � P) � � L + (1 � P) � � R :

The linear dependence on the polar isation is evident from the data shown in Fig. 5.2. The
data shown include those published for e+ p [32], and a 2006 update of the preliminar y data
shown in summer 2005 [20]. The data agree with standard model predictions and do not
require right-handed char ged currents . A linear �t to the new electr on data points given
belo w and display ed in Fig. 5.2 at large momentum transfer (Q2 > 400 GeV 2=c) and inelas-
ticity y < 0:9 yields a result consistent with the SM prediction � C C (RH ) = 0 at Pe = 1:

P � C C (pb) L (pb � 1)
-0.272� 0.005 70.4� 1.2 (stat) � 3.1 (syst) 70.7
+0.370� 0.007 34.5� 1.4 (stat) � 1.5 (syst) 29.7

0 57.0� 2.6 (stat) � 2.4 (syst) 16.4
-1 -0.9� 2.9 (stat) � 1.9 (syst)

The polar isation uncer tainty (� 5 %) introduces a systematic error of � 2:9 pb in the result for
Pe = � 1.

For neutr al currents the dependence of the cross section on the polar isation is less pro-
nounced, since it enter s through the vector (ve) and axial vector (ae) quar k coupling con-
stants in the electr oweak interf erence betw een 
 and Z -exchange. By measur ing both
electr ons and positrons, polar ised and unpolar ised one can disentangle the individual quar k
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Thisprogr am however requires high Q2 and high statistics, as evident from the a bo ve expres-
sions and from the data display ed in Figures 5.3 and 5.4. The asymmetr y RH/LH increases
with Q2 and reaches values of � 20 % for Q2 � 104 GeV 2 for e� p scatter ing. Only the e� p data
from 2005 are display ed in Fig. 5.3. To enhance the statistical signi�cance of the obser ved
asymmetr y one may however combine electr on and positron data and plot the ratio

R =
� N C (e+ ; Pe = +0 :336)+ � N C (e� ; Pe = � 0:270)
� N C (e+ ; Pe = � 0:402)+ � N C (e� ; Pe = +0 :370)

Figure 5.3: Neutral current cross section
d� =dQ2 versus momentum transfer for left-
handedand righthanded longitudinally polar-
izedelectrons.

Thisis shown in Fig. 5.4. It is a pparent that the
expectations der ived from the par ticle density
functions as extracted from H1 HERA-I data
are in good agreement with the data.

Figure 5.4: Combinedneutral current cross section
asymmetry from the 2003/2004 positron and the
2005electron data.
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5.3.2 Tau lepton production

Stefania Xella Hansen was involved strongly in an
analysis of production of tau lepton pair s (� + � � )
and a search for events with an isolated tau lep-
ton accompanied by large missing transverse mo-
mentum (� + P miss

t ).
In the Standard Model (SM), tau leptons are
produced either in pair s or in association with
a tau anti–neutr ino, as expected from lep-
ton �av our conser vation. In electr on/positr on–
proton collisions , pair s of tau leptons are pro-
duced via photon–photon interaction 
 
 !
� + � � (Fig. 5.5a) [35]. Tau leptons and tau anti–
neutr inos are produced in W boson decays , as il-
lustrated in Fig. 5.5b [36]. The signature of these
events is a high transverse momentum (Pt ) iso-
lated tau lepton, large missing transverse momen-
tum Pmiss

t due to the undetected neutr inos, and
a hadr onic system X, typically of low Pt .
H1 is the �r st exper iment at HERA to perf orm a
measurement of � + � � production. The search
for � + P miss

t events complements the pre vious H1
measurements of the production of events with
an isolated electr on or muon and large missing
transverse momentum, which hav e revealed an
excess over the SM expectation of events con-
taining in addition a high Pt hadr onic system [37;
38; 39].
The analysis is based on data from
electr on/positr on–pr oton collisions at a centre–
of–m ass ener gy of 301 or 319 GeV, recorded by
the H1 exper iment at HERA in the per iod 1994–
2000. The total integr ated luminosity amounts to
106 pb � 1 for the measurement of � + � � produc-
tion and 115 pb � 1 for the search for � + P miss

t

events .
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Figure 5.5: Diagrams of the main produc-
tion mechanismsof tau leptons in electron–
proton collisions: a) tau pair production
via photon–photon collisions and b) single
W bosonproduction followed by the subse-
quent decayof the W into a tau lepton and
a tau anti–neutrino.

Two different algor ithms to identify hadr onic tau decays hav e been de veloped for this anal-
ysis. The measurement of tau lepton pair production, in which the tau leptons gener ally
hav e low momentum, requires an optim al bac kground rejection. A Neural Netw ork based
identi�cation algor ithm is used for this. In contr ast, the search for tau leptons produced in
W decays at high Pt uses an algor ithm that maximises the identi�cation ef�cienc y, since the
signal cross section is low and the bac kground is less severe. Thisalgor ithm uses the radial
size and the char ged trac k multiplicity of the tau jet as discr iminator s ag ainst quar k/gluon
jets.

The measured cross section for elastic tau pair production ep ! ep� + � � is 13:6 � 5:7 pb . The
result is in agreement with the SM expectation of 11:2 � 0:3 pb .
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In the �nal event sample of the
� + Pmiss

t search, 6 events are ob-
served in the data, compared to
a total SM expectation of 9.9 +2 :5

� 3:6

events , of which 0:89+0 :15
� 0:26 are ex-

pected from SM W production. In
the region P X

t > 25 GeV, where
an excess of events containing iso-
lated electr ons or muons is ob-
served [39], no event is found for
a SM prediction of 0:39 � 0:10, of
which 0:20� 0:04are expected from
SM W production.

An upper limit at 95% con�dence
level is obtained for the produc-
tion cross section of events con-
taining an isolated tau lepton and
large missing transverse momen-
tum in the region P X

t > 25 GeV/c,
� (PX

t > 25 GeV=c) < 0:31 pb. The
present measurement is compati-
ble with the pre vious measurement
of events with an electr on or muon
and Pmiss

t , as expected if lepton
universality is assumed.

The analysis has been completed
and the pa per was submitted for
publication recently [2].
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Figure 5.6:
Top: The radius of isolated jets R j et and the number of
charged particles N j et

tr ack s in isolated jets in the main back-
ground (CC)to the � + P miss

t search,at preselectionlevel.
Bottom: The hadronic transverse momentum P X

t and the
transverse momentumP �

t of the � candidatein the �nal se-
lection of � + P miss

t events. In each�gur e the data (points)
are compared to the SMexpectation(solid histogram)shown
with its uncertainty (shadedband). The signal contribution
dominated by the SM W production is also shown (dashed
histogram).

5.3.3 Search for lepton �av or violation

Thisanalysis is the thesis project of Linus Lindfeld.

In epcollisions , a lepton �av or violating process (LFV)can induce the a ppearence of a muon
or tau instead of the electr on in the �nal state. A con venient concept to explain such exotic
signatures is the exchange of a leptoquar k. Leptoquar ks a ppear natur ally as color triplet
scalar and vector bosons in man y extensions of the standard model such as Grand Uni�ed
Theories [40], Supersymmetr y [41], Compositeness [42] and Technicolor [43] allo wing for LFV
transitions like e ! � and e ! � .

After presenting the preliminar y H1 result of the search for LFV processes in e+ p-collisions at
the summer conf erences ICHEP'04 (Beijing) and TAU'04 (Nara), the analysis was extended
in 2005 to co ver also e� p-collisions . Analysing additional 13:5pb� 1 of e� p-data tak en in 1998-
1999 gives sensitivity to F = 2 leptoquar ks, where the fermion number F = j3B + L j is a
combination of the bar yon and lepton number of the initial par ticles . As in the pre viously
analysed e+ p-data, no de viation from the Standard Model is found in the e� p-data.

Extending the Buchm üller-Rüc kl-Wyler (BRW) effectiv e model [44] to LFVprocesses, limits on
the Yukaw a coupling of all 14 leptoquar k types to a muon or tau and a light quar k are esta b-
lished. The statistical analysis is completely revised and perf ormed in analogy to the latest

5. PARTICLEPHYSICSATDESY
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published H1 results of a search for leptoquar k bosons [45]. This statistical analysis follows
a modi�ed frequentist a ppr oach and combines different search channels including all sys-
tem atic uncer tainties with correlations . Within this new method, the search for LFVdecays of
leptoquar ks into tau-quar k pair scould be extended to processes with a subsequent muonic

and electr onic decay of the tau
lepton. The analysis in the elec-
tronic tau decay channel fol-
lows a NC DIS selection with ad-
ditional missing transverse mo-
mentum in the electr on direc-
tion. The search in the muonic
tau decay channel is perf ormed
in analogy to the search for
LFV decays of leptoquar ks into
muon-quar k pair s. The addition
of the leptonic channels to the
hadr onic tau decays impr ove
the tau selection ef�cienc y signif-
icantly . Fig.5.7 shows limits on the
Yukaw a coupling of scalar (left
colum) and vector (right colum)
F=2 leptoquar ks to muon-quar k
pair s (top row) and F=0 lepto-
quar ks tau-quar k pair s (bottom
row) as a representativ e exam-
ple for the inter pretation of the
analysis. Further more, the ex-
tended BRW model is opened
to arbitr ar y values of the lepton
�av our violating branching ratio
� LFV with

� LFV =
� 2

lq

� 2
lq + � 2

eq
; l = �; � :

(5.11)
In order to set most stringent lim-
its in the � eq-� lq -plane, the pub-
lished results from the search for
�r st gener ation leptoquar ks[45]
are combined with the results of
this analysis. The combined lim-
its from the search for tau-quar k
pair s are illustrated in Fig.5.8. The
not shown limits on leptoquar ks
decaying to muon-quar k pair s
are slightly more stringent and
with similar features .
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Figure 5.7:
Limits on the couplingconstantstrength � lq = � eq at 95% C.L.
asa function of the leptoquark massfor scalarand vector F=2
leptoquarksdecayingto a muon-quarkpair (top row) and F=0
leptoquarksdecayingto a tau-quarkspair (bottom row).
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eq) is not �xed (Left: F=2,Right: F=0).

It is planned to publish these results in summer 2006.
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5.3.4 Inc lusive prompt photon production

Thisanalysis is the thesis project of Car sten Schmitz. A very close and fruitful cooper ation
with the member sof the theor y group at our University, T. Gehr mann, A. Gehr man-De Ridder
and E. Poulsen made it possible to provide in par allel both a novel data analysis and a new
theoretical calculation, based on carefully coordinated selection cr iter ias.

Isolated photons with high transverse momentum in the �nal state are a direct probe of
the dynamics of the hard subprocess , since the y are directly obser va ble without large cor -
rections due to hadr onisation and fragmentation. Previously ZEUSand H1 hav e measured
the prompt photon cross section in photopr oduction[46 ; 47]. ZEUShas recently published an
analysis of the prompt photon crosssection for photon virtualities Q2 larger than 35 GeV 2[48].
The results are compared to the new leading order calculation of our theor y colleagues
[49; 50], O(� 3), that offers �r st predictions for the inclusive prompt photon production in Deep
Inelastic Scatter ing.

The events hav e been collected in the year s 99/00 at a center of mass ener gy of 318 GeV,
with a total integr ated luminosity of 70.6 pb� 1. Events were selected with the electr on re-
constr ucted in the bac kward calor imeter (SpaCal[52 ]). Photons are identi�ed in the liquid
argon calor imeter (LAR)[53] by a compact electr om agnetic cluster with no trac k pointing
to it. The transverse ener gy is restricted to 3 GeV < E 


t < 10 GeV in the pseudor a pidity region
� 1:2 < � 
 < 1:8.

The main exper imental dif �culty is the separ ation of the photons from neutr al mesons , mainly
� 0 or � , since at high ener gies their decay photons are not resolved but reconstr ucted in
one single electr om agnetic cluster . These mesons are mainly produced in hadr onic jets,
theref ore an isolation cr iter ium isa pplied for the 
 candidates . To ease the compar ison with
pQCD calculations we use an infrared-saf e de�nition of the isolation requirement[54 ; 55]: the
ener gy fraction z of the photon ener gy to the ener gy of the jet which contains the photon
(Photonjet) has to be larger than 0.9: z = E 
 =EP hotonj et > 0:9 After the selection cuts there
is still a large fraction of bac kground from neutr al meson decays . Then the photon signal is
extracted by a shower shape analysis which uses six discr iminating shower shape functions
in a likelihood analysis.

The data are corrected for detector effects by taking the av erage of the corrections of
the PYTHIA6.2[56] and the HERWIG 6.5[57] event gener ator . The bac kground from neutr al
mesons was gener ated with the RAPGAP[58] gener ator . However, the bac kground Monte
Car lo was only used to contr ol the sample, not for the extraction of the signal. Thiswas done
using single par ticles only.

In a �r st step events are selected with a good electr on and a jet which contains a photon
candidate as de�ned a bo ve. In a second step the prompt photon signal is extracted by a
likelihood analysis of the shower shapes . The photon candidate cluster s are analysed using
six different shower shape var iables to discr iminate betw een the signal of a single photon
and neutr al mesons .

- Hot core fraction: fraction of ener gy deposited in four or eight - depending on the gran-
ular ity of the calor imeter - contiguous cells including the cell with highest ener gy.

- Transverse radius of the cluster (transverse plane is per pendicular to the direction of the
incoming par ticle).

- Energy fraction of the hottest cell.
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- Energy fraction in the �r st layer.

- Kurtosis of the transverse ener gy distribution of the cluster cells .

- Transverse symmetr y of the cluster: a photon is expected to hav e a symmetr ic cluster
(S=1), whereas neutr al mesons with more than one decay photon are of more asymmet-
ric shape.

Figure 5.9 shows the sixdifferent shower shape var iables together with the bac kground from
RAPGAP as well as photons radiated off the electr on as predicted by RAPGAP and the
signal prediction from PYTHIA(scaled by 2.3) for photons being radiated off the quar k. Both
contr ibutions from RAPGAP are used unscaled. All var iables are nicely descr ibed by the sum
of the Monte Car lo predictions .

The estimator s are combined in a likelihood analysis as well as a neur al net and a range
search analysis as a cross chec k. Monte Car lo studies showed that neutr al mesons can
be well separ ated from photons for transverse ener gies belo w 10 GeV. Only par ticles which
decay very asymmetr ically are misidenti�ed as photons .

The proba bility densities that are used for the likelihood method are tak en from the simulation
of single par ticles . Only the contr ibuting fraction of an y neutr al meson (� 0, � 0, � 0, K 0, � , ! ,
K ?, K L ,K s, n and �n ) is tak en from Monte Car lo simulation (RAPGAP). The likelihood functions
are calculated separ ately for different bins in E t and different wheels of the calor imeter[53 ]
which correspond to different � 
 ranges . The contr ibution of photons and neutr al mesons is
then deter mined by independent �ts to the data using likelihood distributions obtained from
a set of single par ticle photons and bac kground, respectiv ely. The adv antage of the use of
single par ticles is that the y can easily be produced in high statistics.
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Figure 5.9: Showershapevariablesusedas input for the discriminationbetween the photon and neutral
mesons:Transversekurtosis, symmetryandradiusandenergy fractionsof the hottest cell, the hot core and
the �r st layer. Themeasured data points are showntogether with the signal Monte Carlo from PYTHIA,
scaledby a factor 2.3,photonsradiated off the incomingor outgoing electron (rad) andbackgroundfrom
neutral mesons(non-rad) as estimated by RAPGAP. The contributions from RAPGAPare used unscaled.
Thesumof the Monte Carloprediction is indicatedby the blue line.
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Figure 5.10: Prompt photon differential cross sectionsd� =dE

t for � 1:2 < � 
 < 1:8 (a) and d� =d� 


(b) for 3 < E 

t < 10 GeV , for photon virtualities Q2 > 4 GeV2 and ye > 0:05 compared to the LO

calculation[49; 50]. LL and QQshow the contribution of radiation off the electron and the quark line,
respectively. As the interferenceof thesetwo contributions is very small it is not shown,but includedin
the sum.

Differential cross sections for the production of isolated photons in deep inelastic scatter ing
are shown for Q2

e > 4 GeV 2, ye > 0:05for photons with 3 < E 

t < 10 GeV , pseudor a pidity � 1:2 <

� 
 < 1:8 and the isolation z = E 
 =E
 J et > 0:9. The errors in the �gures contain the statistical
error and the systematic errors added in quadr ature. Figure 5.10 shows the cross section
as a function of transverse ener gy and the pseudor a pidity compared to the new LO (� 3)
calculation[49 ; 50] which gives a good descr iption of the data. At large pseudor a pidities
the dominant contr ibution comes from radiation off the quar k line (QQ), whereas in the
bac kward region the radiation off the electr on line (LL) dominates the cross section. The
calculation gives a nice descr iption of the data both in shape and in scale in contr ast to the
Monte Car lo predictions from PYTHIAand HERWIG which are low by a factor 2.3 and 2.6 to
descr ibe the data.

The analysis was carr ied out in close colla bor ation with the theor y group at the University
of Zürich. All cuts were carefully adjusted both in the analysis and the LO calculation. It is
planned to extend this fruitful colla bor ation to further measurements with photons in the H1
detector (thesis project of K. Nowak).
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6 TheDØExperimentat the Tevatron p�p Collider:
Search for Rare Decaysof the B 0

s-Mesons

Ralf Bernhard, Frank Lehner, Chr istophe Salzmann and Andreas Wenger

The full DØ colla bor ation consists of 86 institutes from 19 countr ies:
Argentina (1), Brazil (3), Canada (4), China (1), Czech Republic (3), Colombia (1), Ecuador
(1), France (8), Ger man y (6), India (3), Ireland (1), Korea (1), Mexico (1), Nether lands (3),
Russia(5), Sweden (4), United Kingdom (3), United States of Amer ica (36) and Vietnam (1)

(DØ Colla bor ation)

Until LHC turns on in 2007 the Tevatron collider at the Fermi National Acceler ator Labor ator y,
Batavia, USA,will rem ain the world' shighest-ener gy acceler ator with an av aila ble center of
mass ener gy of

p
s = 2 TeV. The acceler ator is routinely deliv ering p�p collisions with a peak lu-

minosity of 1:7� 1032 cm � 2s� 1. The tw o main detector s, CDF and DØ, are taking continuously
collision data and hav e recorded more than 1 fb � 1 of collision data up to now. The Tevatron
ph ysicsprogr am isrich and includes direct and indirect searches for as yet unkno wn par ticles
and forces , including those that are predicted in the Standard Model (SM) like the Higgs bo-
son and those that would come as a surpr ise. Moreo ver, numer ous measurements of var ious
B meson decay modes hav e already allo wed the investigation of B meson proper ties that
are not accessible at e+ e� annihilation machines . One of the most recent results highlighting
Tevatron' s great potential in B ph ysics is the �r st direct exper imental deter mination [1] of the
oscillation frequenc y � ms in the B 0

s meson system albeit with large uncer tainties . The precise
value of the oscillation frequenc y � ms is of large impor tance for the fundamental par am-
eter s of the CKM matr ix and will be later accur ately measured at LHCb. A par ticipation
in the Tevatron B ph ysics progr am is theref ore one of the best prepar ations of a successful
contr ibution in the ph ysics activities at LHCb.

The main ph ysics topic of the DØ group at the Physik Institut is the investigation of �av or-
changing neutr al current (FCNC) B meson decays . FCNC decays are forbidden in the SM
at tree level but proceed through higher order diagr ams at low rate. Due to interf erence
effects with new par ticles in the loops FCNC decays are a good place to probe new ph ysics
and to provide severe constr aints on several models be yond the SM. For instance, the purely
leptonic decay amplitude of B 0

s ! � + � � suffers from helicity suppression and has there-
fore a small branching ratio in the SM. However, it can be signi�cantly enhanced in most
extensions of the SM: in type-II tw o-Higgs-doublet models (2HDM) the branching fraction de-
pends only on the char ged Higgs mass M H + and tan � , the ratio of the tw o neutr al Higgs
�eld vacuum expectation values , with the branching fraction growing like (tan � )4 [2]. In the
minim al super symmetr ic standard model (MSSM), however, B(B 0

s ! � + � � ) / (tan � )6, lead-
ing to an enhancement by up to tw o order s of magnitude [3] compared to the SM value of
B(B 0

s ! � + � � ) = 3:5� 10� 9, even if the MSSMwith minim al �av or violation (MFV) isconsidered,
in which case the CKM matr ix is the only source of �av or violation.

Since this decay shows such a strong sensitivity to man y new models and its amplitude is the-
oretically very clean, it allo ws one of the most sensitive (indirect) searches for new ph ysics
with the statistics presently av aila ble at the Tevatron. Moreo ver, in a long-ter m per spec-
tive, the LHCb exper iment expects to disco ver this process being one of the most impor tant
prospects in the B -ph ysics progr am at hadr on collider s.

In October 2005 Ralf Bernhard completed his PhD thesis on an analysis of rare B 0
s decays
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using DØ data [4]. As one of his main results he conducted a search for B 0
s ! � + � � events .

The result of this analysis using 300 pb � 1 of data was published in Ref. [5] and allo wed to
set an upper bound at a 90% C.L. of B(B 0

s ! � + � � ) < 3:0 � 10� 7. This upper limit was
then combined [6] with the CDF result taking correlated systematic uncer tainties proper ly
into account to obtain the world-best limit on B 0

s ! � + � � . The combined exclusion limit of
B(B 0

s ! � + � � ) < 1:2 � 10� 7 at a 90% C.L. is used to constr ain super symmetr ic models at high
tan � .

An updated DØ analysis on B 0
s ! � + � � is presently being perf ormed by Ralf Bernhard and

will exploit additional 400 pb � 1 of DØ data. It isexpected to release a new result by summer
2006. The signal region in the analysis iscurrently kept hidden dur ing the optimization in order
to av oid an y exper imenter' sbias . The events next to the region around the B 0

s invar iant mass
are used to deter mine the bac kground and as a nor malization mode events from the known
decay B � ! J= (! � + � � )K � are reconstr ucted. The current sensitivity at a 90% C.L. of the
entire DØ data set is given by 1:9 � 10� 7. A new combination with CDF will then allo w to
further push the branching ratio of this impor tant decay to smaller values .

A second analysis of Ralf Bernhard focused on the search for rare B 0
s ! � + � � � events , which

is an exclusiv e FCNC process mediated by b ! s l + l � quar k transitions . Since the decay
has a hadr onic �nal state, the SM calculation of the branching ratio has larger theoretical
uncer tainties than B 0

s ! � + � � . In addition, the decay B 0
s ! � + � � � isnot helicity suppressed

showing theref ore lesssensitivity to new ph ysics. The analysis using 450 pb � 1 of data was just
recently concluded and submitted to Phys. Rev. Lett. [7]. In the analysis the search for the
non-resonant decay is nor malized to the known resonant decay B 0

s ! J= (! � + � � )� since
the �nal event signature isthe same and man y systematic uncer tainties tend to cancel in the
ratio. For the search of the rare candidate events we hav e used discr iminating var iables to
best exploit the proper ties of the signal decay and the multi-var iate technique of a random-
gr id search to optimize the analysis. After all cuts zero events were found in the signal bo x
with an expected bac kground of 1:6 � 0:4. The upper limit on the decay B 0

s ! � + � � � is
then calculated to be 3:2 � 10� 6 at a 90% C.L impr oving the only existing published limit [8]
by CDF by a factor of ten. The new result is only a factor of tw o a bo ve the SM and an
updated analysis may well yield to the �r st obser vation of a FCNC decay in the B 0

s meson
system. The future re�nement of this search using more av aila ble data from DØ will be one
of the contents of the PhD thesis of Andreas Wenger . Moreo ver, he will extend the search to
B 0

d ! K � � + � � events as well.

The anticipated luminosity at Tevatron will accum ulate to a bout 4 fb � 1 in fall 2007, the time
when LHC turns on. In case of no signal, an expected upper limit on the branching fraction
of B 0

s ! � + � � of 2 � 10� 8 at a 90% C.L. is possible if both exper iments , CDF and DØ are
combined. Although such a limit will be suf�cient to exclude large regions of very large tan �
in the frame work of super symmetr ic models , the expected sensitivity is still a bout 10� worse
than the SM prediction. Thus, an exper imental obser vation of the decay at a SM rate is
clear ly out of reach at Tevatron, but will be possible at the LHC. The LHCb exper iment, for
instance, expects an annual yield of 17 reconstr ucted B 0

s ! � + � � decays and is very likely
to disco ver this rare decay at the �r st time if no signi�cant enhancements due to new ph ysics
exist. After all the DØ analysis activities on rare B 0

s decays represent an impor tant ingredient
for the prepar ation of ph ysics analysis at the upcoming LHCb.

The DØ detector is presently being upgr aded in the Tevatron shutdo wn lasting from Mar ch
to June 2006 by installing a new silicon detector layer. This additional layer is very close
to the beam pipe and its insertion into the existing detector becomes necessar y to com-
pensate for the radiation induced dam age of the silicon de vice. We hav e contr ibuted to

6. THEDØ EXPERIMENT: SEARCHFORRAREB 0
S DECAYS
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the production of this new layer and de veloped together with the Swissbased compan y
Dyconex long �exible �ne-pitch ca bles , which transmit the analog signals from the silicon
sensors to the front-end electr onics situated at the module' s end. Chr istophe Salzmann who
has just started his master thesis on the analysis of B 0

s !  (2)� decays has helped to install the
detector at Fermila b in Mar ch 2006. Andreas Wenger is presently spending a eight-month
research per iod at Fermila b to work on alignment impr ovement and calibr ation tasks of the
silicon detector . For that reason he will exploit a new detector alignment method that was
pioneered [9] by the H1 exper iment at DESY.

[1] V. Abazovet al. , [DØ Collab.], hep-ex/0603029,submittedto PRL;For CDFresult see http://www-
cdf.fnal.gov/physics/new/bottom/060406.blessed-Bsmix/

[2] H.E.LoganandU. Nierste, Nucl.Phys. B586, 39(2000).

[3] K.S. BabuandC. F. Kolda,Phys. Rev. Lett.84, 228(2000);A. Dedeset al. , FERMILAB-PUB-02-129-T(2002);
S. R.ChoudhuryandN. Gaur, Phys. Lett.B451, 86(1999).

[4] RalfBernhard,SearchforRareDecaysof theB 0
s MesonwiththeDØExperiment,PhDThesisUZurich,2005.

[5] V. Abazovet al. [DØCollab.],Phys. Rev. Lett.94, 071802(2005);Apreliminaryresultusing300pb� 1 isdescribed
inDØnote4733-CONF(2005).

[6] R.Bernhardet al. , hep-ex/0508058.

[7] V. Abazovet al. [DØCollab.],hep-ex/0604015,submittedto Phys.Rev.Lett.

[8] T. Affolderet al. [CDFCollaboration],Phys. Rev. Lett.83, 3378(1999).

[9] V. Blobel,SoftwareAlignmentforTrackingDetectors, invitedtalkgivenat theWorkshoponTrackingin HighMulti-
plicityEnvironments, TIME'05,Zurich,October2005.Submittedto NIM.
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7 High-precisionCP-violationPhysicsat LHCb

R.Bernet, R.P. Bernhard, J. Gassner, F. Lehner, M. Needham, M. Regli, T. Sakhelashvili, S.Steiner,
O. Steinkamp, U. Straum ann, J. van Tilburg, A. Vollhardt, D. Volyanskyy, A. Wenger

in colla bor ation with: The silicon trac king group of LHCb: University of Lausanne; Max Planc k
Institute, Heidelber g, Ger man y; University of Santiago de Compostela, Spain; and Ukrainian
Academ y of Sciences , Kiev, Ukraine.

The full LHCb colla bor ation consists of 48 institutes from Brazil, China, France, Ger man y, Italy,
The Nether lands , Poland, Romania, Russia,Spain, Switzerland, Ukraine, the United Kingdom,
and the United States of Amer ica.

(LHCb)

The LHCb exper iment [1; 2] aims to perf orm high precision measurements of CP violating
processes and rare decays in the Bmeson systems. The compar ison of results from man y
different decay modes will per mit to perf orm consistenc y tests of the Standard Model ex-
planation of CP violation. In the Standard-Model picture, CP violating asymmetr ies are gen-
erated through processes involving inter nal loops of virtual par ticles and are theref ore very
sensitive to contr ibutions from possible new par ticles , as the y are predicted by almost all ex-
tentions of the Standard Model. Precision measurements of CP violating processes theref ore
provide a po werful tool to search for ph ysics be yond the Standard Model, which is com-
plementar y to direct searches at the high ener gy frontier . Our group concentr ates on the
de velopment, constr uction, oper ation and data analysis of the LHCb Silicon Trac ker as well
as on the prepar ation of ph ysics analyses .

7.1 LHCbexperiment

The LHCb exper iment is designed to exploit the large bb production cross section at the
Large Hadr on Collider (LHC) at CERN in order to perf orm a wide range of precision studies
of CP violating phenomena and rare decays in the Bmeson systems. The exper iment will
oper ate at a moder ate luminosity of 2� 1032 cm � 2s� 1 and will be fully oper ational from the
start of LHC oper ation in 2007.

In par ticular , the copious production of B0
s mesons , combined with the unique par ticle-

identi�cation ca pa bilities of the LHCb detector , will per mit the exper iment to perf orm sen-
sitive measurements of CP violating asymmetr ies in a var iety of decay channels that are
be yond the reach of the current gener ation of CP-violation exper iments .

A vertical cut through the LHCb detector isshown in Fig. 7.1. Since the production of b quar ks
in proton-pr oton collisions at the LHC is strongly peak ed towards small polar angles with re-
spect to the beam axis, the detector is layed out as a single-ar m forw ard spectr ometer .
Its acceptance extends out to 300 mrad in the hor izontal bending plane of the 4 Tm dipole
magnet and to 250 mrad in the vertical plane. The forw ard acceptance of the exper iment is
limited by the LHC beam pipe that passes through the detector and follows a 10 mrad cone
pointing bac k to the proton-pr oton interaction region.

The precise and ef�cient reconstr uction of the trajector ies of char ged par ticles is a key re-
quirement for the exper iment. Man y of the interesting decay channels require the recon-
struction of several decay par ticles in a high-m ultiplicity environment. Further more, excellent
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Figure 7.1: Vertical crosssectionthrough the LHCbdetector.

momentum resolution ismandator y to resolve the fast �av our oscillation of B0
s mesons , which

is required for time-dependent CP violation analyses . The LHCb trac king system consists of a
silicon vertex detector (VELO), the Trigger Trac ker (TT)upstream of the dipole magnet and
four trac king stations (T1-T3)do wnstream of the magnet. The Trigger Trac ker [2; 4] co vers
the full acceptance of the exper iment with long silicon micr o-strip detector s, whereas tw o
detector technologies are emplo yed in the large trac king stations T1-T3.Here, the inner most
region around the beam pipe is co vered by silicon micr o-strips (Inner Trac ker [3]) whereas
the outer par t of these stations is co vered by straw dr ift-tubes (Outer Trac ker).

Other components of the LHCb detector are tw o ring-im aging cherenko v (RICH) detector s,
calor imeter s (SPD,PS,ECAL,HCAL) and muon chamber s (M1-M5).

7.2 Silicontracker

Our group has tak en a leading rôle in the de velopment, production and oper ation of the
LHCb Silicon Trac ker, which consists of the Trigger Trac ker and the Inner Trac ker descr ibed
a bo ve. Both these detector s emplo y silicon micr o-strip technology but differ in impor tant
details of the technical design. The Silicon Trac ker project isled by O. Steinkamp with U. Strau-
mann as his deputy .

The main responsibility of the group is the design and constr uction of the Trigger Trac ker. A
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large fraction of our efforts in 2005 were spent in launching the detector module production
and quality assurance (QA) and in designing and prepar ing the var ious par ts of the detec-
tor bo x and suppor t frames . In addition, our group is responsible for the procurement and
quality assurance of the silicon sensors for Inner Trac ker and Trigger Trac ker, and for design
and production of the optical digital readout link for both these detector s. Almost all silicon
sensors hav e been deliv ered to us and a large fraction of these hav e passed the QA pro-
gramme. A full readout system, using the �nal components , has been set up and is routinely
oper ated as par t of the detector module quality assurance progr amme.

7.3 Trigger tracker

The Trigger Trac ker ful�lls a tw o-fold pur pose: It will be used in the Level-1 trigger (hence its
name) to assign transverse-momentum information to large-impact par ameter trac ks, and
it will be used in higher -level trigger s and of�ine analysis to reconstr uct the trajector ies of
low-momentum par ticles that are bent out of the acceptance of the exper iment bef ore
reaching trac king stations T1-T3.

The Trigger Trac ker consists of four detection
layers[4]. Its activ e area is a ppr oximately
160 cm wide and 130 cm high and will be
co vered entirely by silicon micr o-strip detec-
tor s with a strip pitch of 183 � m. An isomet-
ric drawing of the basic detector module is
shown in Fig. 7.2 [5]. It consists of seven sil-
icon sensors that are electr onically organ-
ised into either tw o or three readout sec-
tor s. All readout electr onics and associated
mechanics are located at one end of the
module, outside of the acceptance of the
exper iment. The inner readout sector s are
connected to their readout electr onics via
a ppr oximately 39 cm and 58 cm long Kap-
ton inter connect ca bles . The layout of a
detection layer is illustrated in Fig. 7.3, where
the different readout sector s are indicated
by different shadings . The areas a bo ve and
belo w the beam pipe are each co vered by
a single detector module, the areas to the
left and to the right of the beam pipe are
co vered by 14-sensor long ladder s that are
assembled by joining tw o detector modules
together at their ends .

Including 15%spares, a total of 148 detector
modules with a bout 165'000 readout chan-
nels has to be produced. A rigorous quality
assurance progr amme has to be carr ied out
in order to ensure that each module ful�lls
the strict mechanical and electr ical accep-
tance cr iter ia.

Figure 7.2: Isometricdrawing of a detector module
for the Trigger Tracker.

Figure 7.3: Layout of one detection layer of the
Trigger Tracker.
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7.3.1 Module production

The production of detector modules for the Trig-
ger Trac ker is proceeding under the responsibility of
F. Lehner and T. Sakhelashvili. A labor ator y at the Physik
Institut has been con verted into a clean room and
equipped with the required infrastructure and equip-
ment, such as micr oscopes for visual inspections and
an autom atic ultrasonic wire-bonding machine. In a
pre-ser ies production, that took place betw een May
and August 2005, seven modules were assembled and
thor oughly tested after each production step. Thisper -
mitted to re�ne var ious details of the module assembly
procedure [6] and to identify and impr ove a few weak
points in the module design. For instance, the high volt-
age insulation betw een the carbon �ber suppor t rails
and the bac kplane of the silicon sensors was signi�-
cantly impr oved to pre vent sparking. Improvements to
the alignment jigs used in the module assembly per mit-
ted to achie ve an accur ac y of the silicon sensor place-
ment well within the tight speci�cations (Fig. 7.4).

The series production of detector modules was
launched in September 2005. The production of a
module proceeds in tw o stages . The �r st production
stage includes the initial alignment of the seven silicon
sensors and the lower readout hybr id under the contr ol
of an optical metr ology machine, the glueing of the
tw o supppor t rails onto the edges of the hybr id and the
sensors, the attachment of high-v oltage and ground
connections with silver epo xy glue, the wire bonding
of the outer four silicon sensors to the readout hybr id,
and the attachment of Kevlar protection ca ps over the
wire bonds . After this �r st stage, the outer readout sec-
tor is fully oper ational and the module under goes a
�r st bur n-in cycle as descr ibed in the quality assurance
progr amme belo w. After the module has successfully
passed the bur n-in, it is completed in the second stage
of the production. Thisconsists of mounting and bond-
ing the second (and third, where a pplica ble) readout
hybr id and Kapton inter connect ca ble(s) to the inner
readout sector(s). The completed module then under -
goes a second and �nal bur n-in cycle.

The production of a detector module involves several
gluing steps, each of which requires over-night cur ing
of the glue. Several modules are produced in par allel
to achie ve an av erage module production rate of �v e
modules per week. By the end of Mar ch 2005, a bout
60 modules were completed after the �r st production
stage and tw elve modules were fully completed (see
Fig. 7.5 and 7.6).

Figure 7.4: Distribution of the mea-
sured offsets of silicon sensors. Off-
setsshouldbe small compared to the
expectedspatial resolution of 50 � m.

Figure 7.5: Storage of produced de-
tector modules.

Figure 7.6: Two stage-I modulesand
two completedmoduleson their way
from the production lab to the burn-in
test stand.
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A bottlenec k dur ing the start-up of the module production was caused by the late deliv ery
of the Kapton inter connect ca bles , which are used to connect the inner readout sector s
to their front-end readout hybr ids. These ca bles were produced in industr y and their deliv-
ery was delay ed several times due to unexpectedly low production yields at the compan y.
J. Gassner spent a signi�cant amount of time and effort in discussions and tests with the com-
pan y in order to overcome this problem. He recently managed to retr ieve a suf�ciently large
number of ca bles of accepta ble quality , so that all necessar y components for the TTmod-
ule production are now in hand. The production schedule foresees the completion of the
module production by the end of October 2006.

7.3.2 Module quality assurance

Each module under goes tw o extensiv e bur n-in progr ammes , one after the �r st production
stage and another one when the module is completed. A dedicated test stand that can
hold up to four detector modules in par allel has been set up for this pur pose by M. Needham
and A. Vollhardt, with help from D. Volyanskyy and A. Wenger .

The bur n-in progr amme tak es tw o days and
runs fully autom atic, contr olled by LabVie w
running on a Linux PC. It includes measure-
ments of sensor leakage currents as a func-
tion of the a pplied bias voltage as well as
searches for interr upted and shorted read-
out strips and pinholes . A pulsed infra-red
laser system is used to gener ate char ges at
well-de�ned locations on each silicon sensor
and per mits to measure signal pulse shapes
and char ge collection ef�cienc y as a func-
tion of the a pplied bias voltage. Each mod-
ule under goes several temper ature cycles
betw een room temper ature and +5� C, the
latter being the oper ating temper ature fore-
seen in LHCb.

As �nal readout electr onics are emplo yed to
read out the detector modules , the bur n-in
test stand also serves as a full system test.
Further more, the bo x that holds the mod-
ules dur ing the tests uses man y components
of the �nal detector bo x (descr ibed belo w)
and theref ore serves as a small-scale proto-
type of that bo x.

So far, the quality of the tested modules isex-
cellent. The fraction of non-w orking readout
channels is in the sub-per mille range and
only a small number of modules showed op-
erational problems and had to go through a
repair cycle.

Figure 7.7:
Four completed detector modules installed in the
burn-in test stand. The readout-hybrids can be
seenat the upper end of the modules.
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7.3.3 Station mechanics

All detector modules will be housed in a
single light-tight and ther mally insulating
bo x, which also provides electr ical insula-
tion to the environment [5]. Each module
will be mounted into one of tw o C-sha ped
aluminum frames . These tw o frames will be
mounted onto precision rails and can be
retracted from the beam pipe for detector
maintenance and for bak e-outs of the
beam pipe (Fig. 7.8). The frames include a
cooling plate through which C6F14 will be
circulated as cooling agent to remo ve the
heat gener ated by the readout hybr ids and
to create the desired ambient temper ature
of around 5� C inside the detector bo x.
The design and production of the station
mechanics has been the responsibility
of S.Steiner. Almost all par ts and pieces
hav e been produced and are currently be-

Figure 7.8:
Isometric drawing of the Trigger Tracker support
framesand detector box. Onehalf of the detector
box is shownin the retracted position that is used
for detector installation and maintenance.

ing assembled in a labor ator y at our institute. Here, detailed mechanical and ther mal stud-
ies will be perf ormed on the detector bo x, bef ore it will be shipped to CERNin autumn 2006.

7.4 Siliconsensors

The different types of silicon sensors that are used for the Inner Trac ker and the Trigger Trac ker
hav e been descr ibed in ear lier repor ts. The design speci�cations for the Inner Trac ker sen-
sors were de�ned in our group, whereas an existing design de veloped for the Outer Barrel
of the CMS silicon trac ker could be used for the Trigger Trac ker. All types of silicon sensors
hav e been produced by Ham am atsu Photonics , Ja pan. Upon arrival in Zürich, the sensors
under go a detailed quality assurance progr amme, which includes visual inspection, electr i-
cal char acter isation and metr ology . The largest par t of this work has been carr ied out by
students working under the super vision of F. Lehner [7]. The last batch of sensors has been
deliv ered recently and their testing is expected to be completed soon. The quality of the
sensors is excellent and well within the strict mechanical and electr ical speci�cations .

7.5 Readoutsystem

The detector modules are equipped with Beetle front-end chips , which sample the detec-
tor data at the LHC bunch crossing frequenc y of 40 MHz and store the analog data for the
latenc y of the Level-0 trigger . On reception of a trigger accept, the data are transmitted
to a so-called Service Box, which is located close to the detector but outside of the ac-
ceptance of the exper iment. Here, the y are digitised, multiplexed and prepared for optical
transmission to the LHCb electr onics barr ac k. The Service Boxes and the optical links hav e
been designed by A. Vollhardt, who is also responsible for the production and commission-
ing of the readout system. All relevant components hav e been radiation quali�ed for the
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expected radiation dose of up to 15 kRad for 10 year s of oper ation at the location of the
Service Boxes. Digitizer boards from a pre-pr oduction run are used to read out the data of
the module bur n-in stand descr ibed a bo ve, and in a similar setup used in the Inner Trac ker
module production at CERN. The series production of the boards is scheduled for summer
2006.

7.6 Detectorsimulation and reconstructionsoftware

In prepar ation for data taking, a consider a ble softw are effort has been under tak en in our
group to provide a detailed descr iption of the Silicon Trac ker and its perf ormance in the
frame work of the LHCb Monte-Car lo and reconstr uction progr ams . As input for the GEANT4-
based LHCb detector simulation, a detailed XML descr iption of the geometr y of the Trigger
Trac ker, including sensitive detector elements as well as dead mater ial, has been prepared
by D. Volyanskyy and A. Wenger under the guidance of M. Needham. A re�ned descr iption
of the signal gener ation in the detector has been implemented and tuned to reproduce the
detector perf ormance measured in var ious test beams and labor ator y tests. Further more,
the �nal detector readout par titioning and data format hav e been de�ned and Monte-
Car lo gener ated events are now stored in the same data format in which data will later
be provided by the detector . Thiswill per mit more precise estimates of the expected data
volumes and will signi�cantly simplify the transition of the reconstr uction code from Monte-
Car lo to “real” data. The de velopment and optimisation of trac k reconstr uction algor ithms
is continuing.

M. Needham having left our group in November 2005, his responsibilities in these areas hav e
been tak en over by J.v. Tilburg, who joined us in Febr uar y 2006. J.v. Tilburg has also started to
par ticipate in the de velopment of alignment algor ithms for the LHCb trac king system.

7.6.1 Workshop on trac king in high multiplicity environments

Member s of our group organised a workshop on Trac king in High Multiplicity Environ-
ments , which took place at our institute in October 2005. The workshop brought to-
gether a bout 50 ph ysicists working on hardw are and softw are aspects of trac king de vices ,

with the aim of transferring ex-
per ience from running High En-
ergy Physicsexper iments to those
currently under de velopment.
Topics co vered in the work-
shop included oper ational and
system aspects , trac king and
vertexing algor ithms, radiation
environments and aging, and
detector technologies . Intro-
ductions to these topics were
given by invited keynote speak-
ers. All presentations are av ail-
a ble on the conf erence web
page, the proceedings will be
published in a special edition of
Nucl. Instr. and Meth. A. Figure 7.9: Conferenceposter for the TIME2005workshop.
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7.7 Physicsstudies

In par allel to our detector -related activities , work on ph ysics simulation studies has also con-
tinued in our group. Such studies are required to under stand the ph ysics reach of the exper i-
ment, to investigate possible sources of systematic uncer tainty and to optimize trigger selec-
tion cr iter ia. We hav e chosen to concentr ate our efforts on the decay mode B s ! J = � 0.
A time-dependent measurement of the CP asymmetr y can be used to deter mine the phase
of B s B s oscillations (i.e. the CKM angle � ). Since this phase is predicted to be very small in
the Standard Model, a high precision measurement provides a sensitive search for contr ibu-
tions from “ne w” ph ysics be yond the Standard Model [8].

This work is being under tak en by D. Volyanskyy as par t of his Ph.D. thesis, under the guid-
ance of M. Needham and U. Straum ann. An initial optimisation of selection cuts has been
perf ormed and, for these cuts , a bac kground-to-signal ratio of around one and an annual
signal yield of a bout 5.3 k reconstr ucted events hav e been estimated, respectiv ely. Spe-
ci�c bac kground studies hav e been carr ied out to test the perf ormance of the selection
cuts in suppressing events from b hadr on decays with similar event topologies to that of the
signal decay . Invar iant-m ass, pr imary-vertex and secondar y-vertex resolutions hav e been
estimated and a proper -time resolution of (34.8 � 1.2) fs has been found. Thisresolution is
suf�cient to perf orm a precise measurement of the time-dependent CP asymmetr y. In the
near future, an overall re-optimisation of selection cuts will be perf ormed using a random
gr id search. Thiswill allo w to better tak e into account correlations betw een the different
cuts . Larger samples of Monte-Car lo events will be processed in order to obtain more pre-
cise estimates of the expected bac kground-to-signal ratio. Based on the results of these
investigations , a study of the sensitivity of LHCb to the CP-violating par ameter s will �nally be
perf ormed.

7.8 Summaryand outlook

The series production of detector modules for the Trigger Trac ker has been launched in
2005 and will be completed in autumn 2006. A detailed testing and quality assurance pro-
gramme is perf ormed on all modules . For this pur pose, a bur n-in stand has been set up in
our labor ator y. The setup uses �nal readout electr onics and also serves as a small-scale pro-
totype for the �nal detector bo x. All silicon sensors for the Silicon hav e been receiv ed from
industr y, the quality assurance progr amme on these sensors isclose to being completed. The
Trigger Trac ker detector bo x is being assembled and will soon be commissioned in our insti-
tute. The detector will be shipped to CERN and installed in the exper iment in autumn 2006.
The �nal readout electr onics are routinely used in the module testing, the series production
of the electr onics boards will start very soon.

Software de velopments for detector simulation and reconstr uction algor ithms are ongoing.
In prepar ation for ph ysics analyses , the group continues its work on simulation studies, espe-
cially concentr ating on a study of the decay mode B s ! J = � 0 and the sensitivity of LHCb
to the phase of B s B s oscillations in this decay mode.
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8 Particle Physicswith CMS

E. Alag öz, C. Amsler, V. Chiochia, C. Hörmann, K. Proko�e v5 , H. Pruys6, C. Regenfus , P. Rob-
mann, J. Rochet, T. Speer, S.Steiner, D. Tsirigkas 7, and L. Wilke

In colla bor ation with: ETH- Zürich, Paul Scherrer Institut (PSI)and the CMS Colla bor ation

Physics at the LHC is the main activity of the Zurich group. We are interested in B -ph ysics
issueswhich can be perf ormed dur ing the �r st 2- 3 year s of LHC oper ation, when the lumi-
nosity will still be too low for Higgs searches . In par ticular , we are prepar ing with the decay
B 0

s ! (J= )� ! � + � � K + K � a measurement of B 0
s � �B 0

s oscillations , of the lifetime of the
CP-eigenstates B H

s and B L
s , and of CP-violation. Our group iscontr ibuting to the CMS recon-

struction and simulation softw are using the pixel vertex detector required to ef�ciently tag
B -decays . T. Speer has been a ppointed CMS coordinator for B - tagging. We are involved in
the design, constr uction and test of the barrel pixel detector , a three layer cylindr ical silicon
de vice built mostly by Swissinstitutions . We are responsible for perf ormance measurements
on test beams at CERN (such as position resolution, Lorentz angle and ef�cienc y) on highly
irradiated prototypes , and are leading the prepar ation of the online perf ormance monitor -
ing progr ams . V. Chiochia is coordinating the CMS pixel of�ine softw are group. We are also
involved in the de velopment of the sensor readout chip at PSI,and of the po wer distribu-
tion to the pixel detector . The mechanical suppor t structure, cooling system and service
tubes are built in the workshop of the Physik-Institut. Details on the softw are and detector
perf ormance can be found in the ph ysics technical design repor t [1].

8.1 B - physicswith CMS

The LHC will be commissioned in 2007 with an initial luminosity of a bout 1030 � 1033 cm � 2s� 1.
An integr ated luminosity of 30 fb � 1 will be collected after three year s of data-taking (as-
suming an overall beam and detector on ef�cienc y of 30%), after which the luminosity will
hopefully reach the design value of 1034 cm � 2s� 1. The main motiv ation for CMS is the search
for the Higgs boson and for super symmetr ic par ticles . However, unless the Higgs is heavy , a
signi�cant signal will not be obser ved dur ing the �r st 2 - 3 year sof oper ation at low luminosity.
Meanw hile, our group intends to concentr ate on issuesrelated to the B s-meson, making full
use of the pixel vertex detector .

We intend to perf orm a high statistics study of the channel B 0
s ! (J= )� with J= ! � + � �

and � ! K + K � . Thisis a good channel to study man y proper ties of B 0
s - mesons , such as

CP - violation, B 0
s � �B 0

s oscillations , and to measure the lifetimes of the tw o eigenstates , B H
s

and B L
s . The pixel detector is an essential component for these studies requir ing a precise

deter mination of the mean life of the B 0
s -meson. Its relativ ely long lifetime (1.46 � 0.06 ps)

can be used to reject the short-lived bac kground.

B 0
s - �B 0

s oscillations hav e not been obser ved so far since the oscillation frequenc y � ms is
large. The lower limit (95% C.L.) on � ms is currently 14:4 ps� 1 [2]. The relativ e difference
betw een the mean lives of B H

s and B L
s is also predicted to be large, in the range 10 - 20%.

CP - violation and par ticle-antipar ticle mixing can also be studied with B 0
s ! (J= )� . This

5until September 2005
6until August 2005
7CERNdoctor al student
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decay proceeds mainly through the tree spectator
diagr am (Fig. 8.1a), second order processes (such
as penguin diagr ams , Fig. 8.1b) being suppressed.

A full reconstr uction of the B 0
s is achie ved through

the decays J= ! � + � � and � ! K + K � . CP - viola-
tion is induced by interf erence betw een the decay
and par ticle–antipar ticle mixing. One measures the
(CP - violating) asymmetr y betw een B 0

s ! (J= )�
and �B 0

s ! (J= )� which requires tagging the �a-
vor of the B 0

s . An alter nativ e method is to measure
the angular distributions of the �nal state kaons and
muons. The CP - even and CP - odd components
correspond to even, respectiv ely odd, relativ e an-
gular momenta betw een the J= and the � , and
hav e theref ore different angular distributions [3]. This
does not require tagging but very large data sam-
ples which can be obtained at the LHC. The de-
cay rate asymmetr y deter mines the CP - violating
weak phase � C K M = 2� 2� , where � � Vus and � is
the height of the unitar ity triangle, expected to be
very small (a bout 0.03). The measurement of a sig-
ni�cantly larger phase would indicate contr ibutions
from processes be yond the standard model.

The branching fraction for B 0
s ! (J= )� isa bout 10� 3

[2]. With the help of simulations we hav e de veloped
a selection strategy for the �nal state K + K � � + � � re-
lying on the reconstr uction of the four char ged par -
ticles by a high level trigger (HLT) [4]. An event of this
type isshown in Fig. 8.2. The muon trigger selects tw o
muons of opposite char ges from the muon cham-
ber s with a transverse momentum a bo ve 3 GeV/c.
We require tw o muons trac ks of opposite char ges
with mass within 100 MeV of the J= mass, and tw o
kaon trac ksof opposite char ges with mass within 100
MeV of the � mass. The four trac ks are required to
come from a common secondar y vertex. The trig-
ger ef�cienc y is a bout 10% [4].

Consider a ble progress was made in 2005 in the de-
velopment of the trac king and vertex softw are [5].
A gener al kinem atic �tting progr am was de veloped
for CMS [4]. The kinem atic �t can be a pplied to
Bs ! (J= )� ! K + K � � + � � dur ing of�ine recon-
struction to increase the exper imental resolution on
the B 0

s mass which impr oves from 34 MeV to 14 MeV
(Fig. 8.3).

a) b)

a) b)

Figure 8.1: Feynman diagram for the
B 0

s ! (J= )� decay (a). The penguin
diagram(b) is suppressed.

Muons

Figure 8.2: A typical simulated event at
CMSwhich containsa decayof the type
B 0

s ! (J= )� ! � + � � K + K � .

Some 250'000 signal events would be reconstr ucted after 2 year s of LHC running with a
bac kground of a bout 40'000 events . For compar ison, only a few hundred events hav e been

8. PARTICLEPHYSICSWITHCMS
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Figure 8.3: Invariant massdistribution of B s !
(J= ) � after the kinematics�t (yellow area). The
bottom (red) area is the residual combinatorial
background.
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Figure 8.4: Distribution of decaylength in the B s

rest frameshowing the B L
s contribution in yellow

and the B H
s contribution in red. Thered curveis a

two - componentexponential�t (from ref. [4]).

obser ved so far for this decay channel. The resolution on the proper decay length (c� s) of
the B 0

s meson is a bout 30 � m, from which one concludes that the obser vation of B 0
s � �B 0

s

oscillations ispossible with CMS, provided that the oscillation frequenc y isclose to its present
lower limit of 14.4 ps� 1.

However, the lifetime difference betw een the tw o CP eigenstates B H
s and B L

s is too small
to be measured directly . Figure 8.4 shows a double exponential �t to the decay length
distribution. This task will require an analysis of the angular correlations in the K + K � � + � �

�nal state which are different for B H
s and B L

s . A corresponding study is in progress. We are
investigating in par allel the analogous decay B s ! (J= ) � where J= ! e+ e� . Thisdecay
will increase the B 0

s sample, but the reconstr uction of low-momentum electr ons isnotor iously
dif �cult.

8.2 Siliconpixel sensors

The pixel detector consists of three concentr ic cylindr ical layers, 53 cm long, with radii of
4.4, 7.3 and 10.2 cm, and forw ard/bac kward wheels . The pixel sensors are mounted on seg-
mented silicon plates and are connected by indium bump bonds to the readout chips . The
analog signals are read out using char ge sharing betw een pixels to deter mine the coordi-
nates more accur ately . Details can be found in pre vious annual repor ts.

We hav e tested prototypes of sensors (pixel size125� 125 � m 2) with 105 - 225 GeV pions in the
H2 beam line of the CERNSPSand measured the char ge collection, hit detection ef�ciencies
and the Lorentz angle [6; 7; 8; 9]. Oxygenated pixel sensors with p-spray isolation (manuf ac-
tured by CiS, Erfurt) were chosen. The pixel cell size was �nally �xed to 100� 150 � m 2.
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Figure 8.5: Pixelcell layout for the barrel de-
tector.

Figure 8.5 shows a sketch of the �nal
pixel cell layout.

In pixel sensors effects due to irradia-
tion can be investigated with the graz-
ing angle technique [8]. As shown in
Fig. 8.6 the surface of the sensor is
tilted by a small angle (15� ) with re-
spect to the pion beam. The char ge
measured by each pixel along the x
direction samples a different depth z
in the sensor. The precise entr y point
ismeasured with our silicon beam tele-
scope which measures trac ks with an
r.m.s. position resolution of a bout 1 � m
[10]. For un-irradiated sensors the clus-
ter length deter mines the depth over
which char ge is collected in the sen-
sor.

The pro�les measured with an un-
irradiated sensor and with a sensor irra-
diated to a �uence of 6 � 1014 neq=cm2

are shown in Fig. 8.7 as a function of
the distance x from the beam entr y
point. This�uence corresponds to the
�r st four year s of LHC oper ation for the
inner most layer. The un-irradiated sen-
sor was oper ated at a bias voltage of
150 V, well a bo ve its depletion voltage
of 70 V). The irradiated sensor was op-
erated at bias voltages betw een 150 V

Readout chip

track
15o

z axis

x axis

p+ sensor backplane

n+ pixel implant

Bump bond

Collected charge

High electric field
Low electric field

Figure 8.6: Grazing angle method to determine the
charge collection pro�les .
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and 600 V. It a ppear s to be par tly depleted at 150 V, but a second peak isobser ved at large
x. By increasing the bias voltage one also increases the amplitude of the second peak, as
more char ge is collected from the sensor side close to the bac kplane, while the increase at
the n+ side isa bout 30%. At 600 V char ge collection issaturated but the pro�le isnot uniform
due to the tra pping of carr iers produced far from the collecting electr ode.

When a magnetic �eld is a pplied along the x-direction, the char ge is de�ected in the y-
direction towards the adjacent pixel row. A measurement of the char ge distribution among
adjacent pixels yields the Lorentz angle � L as a function of x, and hence sensor depth. The
Lorentz angle a ppear s to depend on depth. A measurement of � L as a function of depth
deter mines the behaviour of the electr ic �eld. Using a known empir ical par ameter ization of
the mobility one can extract the electr ic �eld as a function of sensor depth [7]. The electr ic
�eld reaches maxim a belo w both surfaces and a minim um in the bulk center (Fig. 8.8). This
behaviour in irradiated sensors does not correspond to the classical picture of a par tially
depleted sensor, but can be descr ibed by a double junction model [11].

A detailed modeling (PIXELAV) of char ge collection in heavily irradiated sensors was de vel-
oped in colla bor ation with M. Swar tz from Johns Hopkins University. Thismodel tak es into
account e.g. the char ge deposition by hadr ons, a 3D intra pixel electr ic �eld ma p, the mo-
bility, diffusion and tra pping, and a simulation of the electr onic noise [12]. Simulations were
perf ormed and tuned on the tests results descr ibed a bo ve for the 125� 125 � m 2 sensors. The
char ge collection pro�les for a sensor irradiated to a �uence of 2 � 1014 neq/cm 2 and oper -
ated at several bias voltages are presented in Fig. 8.9. The measured pro�les are compared
to the simulated PIXELAV pro�les . The simulation descr ibes the measured char ge collection
pro�les rather well, both in shape and nor malization. In par ticular , the wiggle obser ved at
low bias voltages is also descr ibed correctly .

Our simulations can now be a pplied to the �nal pixel dimensions of 100� 150 � m 2. Since
char ge isshared among several pixels on can impr ove on the position resolution by a pplying
the so - called � correction [13]. The hit position is �r st calculated with the center of gravity
method. The � fraction isde�ned as the non - integer par t of the reconstr ucted pixel number .
Figure 8.10 shows the distribution of � for all events , where � = 0 corresponds to the
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Figure 8.9: Measured (dots)andsimulated(histogram)charge collectionpro�les for a sensorirradiated to
a �uence of 2 � 1014 neq/cm2 and operated at several biasvoltages. Thesimulation was performed with
the PIXELAV software (from ref. [11]).
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center of the pixel cell and � = � 0:5 to the
border s. The measured distribution is almost
�at in the pixel regions close to the pixel
border s but has a dip at the center . The
peak at � = 0 is due to single pixel cluster s.
For each � one then associates a corrected
value given by the function

F (� ) =

R�
� 0:5

dN
d� d�

R0:5
� 0:5

dN
d� d�

�
1
2

; (8.12)

where � is in pixel units. The F (� ) function
is shown in Fig. 8.11. The corrected position
is calculated by adding F (� ) to the integer
par t of the pixel number .
Figure 8.12 shows the residual distribution for
cluster s of tw o pixels, simulated for a sen-
sor irradiated to 5:9 � 1014 neq/cm 2, and for
trac ks with an incident angle of 20� with re-
spect to the nor mal to the sensor surface.
The distribution bef ore correction (left) isnot
descr ibed by a single Gaussian and is af-
fected by large systematic errors which de-
pend on the hit position. Systematic errors
can be largely reduced by a pplying the � -
correction (Fig. 8.12, right). This simulation
shows that resolutions belo w 15 � m can be
achie ved after irradiation. A compar ison
with beam tests of the �nal sensors will be
perf ormed in 2006.
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Figure 8.10: Distribution of the reconstructedim-
pact position within a single pixel for perpendicu-
lar tracks.
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8.3 Readoutelectronics
We hav e also contr ibuted to the
readout chip (ROC), the design of
which is under the direct responsibil-
ity of PSI.The ROC, manuf actured in
CMOS 0.25 � m technology by IBM,
has a much higher yield (80%) than
our pre vious prototype in DMILL radi-
ation hard technology (20%). The �r st
complete module (16 ROC chips ,
each reading 52 � 80 pixels) were ir-
radiated with 300 MeV/c pions at PSI
(Fig. 8.13 and 8.14). The pur pose
was to measure the ef�cienc y as a
function of inclination � and readout
threshold, and to chec k the timing
perf ormance. The incoming inten-
sity was typically 40 MHz/cm 2 (corre-
sponding to the rate in the �r st pixel
layer at 4.4 cm in LHC). The trigger
was provided by tw o scintillator s of
dimensions 2 � 2 � 2 mm 3 (w hich
counted at a rate of 1 MHz) in coin-
cidence with an amer icium radioac-
tive source to simulate the level 1
trigger in CMS. The data analysis is in
progress [15].

8.4 Mechanical support struc-
ture

The Institute' s workshop is building
the suppor t structure for the barrel
pixel detector and the service tubes
along the beam line. The pixel
detector consists of three 57 cm
long layers (Fig. 8.15) equipped with
silicon pixel modules and tw o 2.2 m
long service tubes . Two vertically
separ ated half shells will be intro-
duced into the CMS detector . The
suppor t structure consists of individ-
ual ladder s built of pure aluminum
tubes with tra pezoidal cross sections
and wall thic kness of 300 � m.

Figure 8.13: First assembled module consisting of 16
PSI46V2readout chips bump-bonded to a sensor with
66'560 pixels.

Figure 8.14: Setupfor the beamtests at PSI.

Detectormodule

Detector-
endflange

Carbon fibre
blades

Aluminum
cooling tubes

Detector-
suspension

Layer 1

Layer 2

Layer 3

Figure 8.15: Half shell of the support structure with the
three detector layers.

Custom made 240 � m thic k carbon �ber blades which suppor t the pixel modules are glued
to the tubes , forming the detector segments (Fig. 8.16). Four to �v e of these tubes are then
laser welded to an aluminum container which distributes the coolant. The manif old provides
the cooling of the detector modules to a bout -10� C with C6F14. Suppor t frames on both ends
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Figure 8.16: Prototype segment.Thealuminum
tubes are laser welded to the end-�ange con-
tainers that distribute the cooling �uid.

Figure 8.17: Production of the carbon �ber
blades (upper picture) and of the cooling con-
tainers (lower picture) on the milling machines
of the Physik- Institut.

connect the segments and form a detector
layer half shell. The �anges consist of thin
�ber glass frames (FR4) �lled with foam (Airex)
co vered by carbon �ber blades . This tech-
nique guar antees stability and precision for a
minim um mass. Mass production of the var i-
ous components (blades , cooling container s,
etc.) is perf ormed in our workshop (Fig. 8.17).
The laser welding technique (in colla bor ation
with industr y) was strongly impr oved. We hav e
upgr aded the welding equipment to pre vent
leakage of the coolant and hav e obtained
higher quality welding seams than achie ved
bef ore.

The electr ical po wer, contr ol and optical sig-
nals and the coolant are transferred to the de-
tector through supply tubes . The forw ard and
bac kward supply tubes are mechanically con-
nected and carr y the pixel detector . The struc-
ture is made of tubes and is �lled with foam.
The motherboards (Fig. 8.18) holding the opti-
cal hybr ids for analog and digital contr ols, will
be installed near the detector . The outer ends
contain po wer regulator s and connector s for
the electr ical and optical lines, and the cen-
tral region the digital contr ol boards and slow
contr ols, such as voltages , currents , temper a-
tures, pressures and humidity .

The project proceeds according to schedule.
The 800 modules required for the three pixel
layers will be assembled at PSI. In 2006 our
group will perf orm further beam tests at CERN.
Production of the par ts for the three layers is
proceeding in our workshop. Prototypes of the
service tubes will be built in 2006. The pixel
detector will be introduced into CMS after the
LHC commissioning in 2007, to pre vent dam-
age dur ing initial beam tuning. We are prepar -
ing a test suppor t structure for the 2007 pilot
run, consisting of a half shell par tially equipped
with detector s.

Analog optohybrids (6)
     6 x 6 channels

Digital optohybrids (2)
     2 x 4 channels

Analog motherboard Digital motherboard

Figure 8.18: Sketch of the readout slot with the ana-
log and digital motherboards holding the optical hy-
brids.
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9 Superconductivity and Magnetism

D.G. Eshchenko, H. Keller, R. Khasano v, S. Kohout (till August 2005), I. Landau (October till
December 2005), F. La Mattina, A. Maisuradze, T. Paraiso (June 2005 till Febr uar y 2006),
J. Roos, A. Shengelay a (till November 2005), S.Strässle, S.Weyeneth (since October 2005)

Visiting scientists: A. Dooglav , V.A. Ivanshin, B. Kochelae v, I.M. Savić

Emeritus member s: Prof. K.A. Müller (Honor arprofessor), Prof. T. Schneider (Titular professor),
Dr. M. Mali

in colla bor ation with:
ETH Zürich (K. Conder , J. Karpinski), Paul Scherrer Institute (K. Conder , E. Morenzoni),
Max-Planc k-Institute for Solid State Research Stuttg ar t (A. Bussmann-Holder), IBM Rüschlikon
Research Labor ator y (J.G. Bednorz), University of Birmingham (E.M. Forgan), University of
Rome (A. Bianconi, D. Di Castro), Kazan State University (A. Dooglav , M.V. Eremin, V. Ivanshin,
B.I.Kochelae v), University of Belgrade (I.M. Savić), University of Tokyo (T. Sasagaw a, H. Takagi)

In the last year we continued our research projects on the magnetic and electr onic proper -
ties of novel superconductor s and related mater ials by means of a combination of var ious
complementar y exper imental techniques , such as muon-spin rotation (� SR),low-ener gy � SR
(LE-� SR),electr on par am agnetic resonance (EPR),nuclear magnetic resonance (NMR), nu-
clear quadr upole resonance (NQR), as well as SQUIDand torque magnetometr y. In par tic-
ular, detailed isotope-ef fect and pressure-ef fect studies in novel superconductor s were per -
formed. The aim of our research activities is to explore the macr oscopic and micr oscopic
ph ysical proper ties of cupr ate high-temper ature superconductor s (HTS),other novel super-
conductor s, and related mater ials in order to under stand the basic ph ysics of these systems.
In addition, in colla bor ation with the IBM Rüschlikon Labor ator y we continued our investi-
gations of electr ic-�eld effects on the electr onic structure of Cr-doped strontium titanate by
means of EPR.

9.1 Studiesof isotope effects in novel superconductors

9.1.1 � SRinvestig ation of the oxygen-isotope effect on the in-plane penetration depth in
cuprate high-temperature super conductor s c lose to optimal doping

The obser vation of unusual oxygen-isotope (16O/ 18O) effects (OIE's) in cupr ate high-temper a-
ture superconductor s (HTS)on the transition temper ature Tc [1; 2; 3; 4] and on the zero-
temper ature in-plane magnetic penetr ation depth � ab(0) [3; 4; 5; 6; 7; 8; 9; 10; 11] poses a
challenge to the under standing of high-temper ature superconductivity . Recently , it was es-
ta blished that for different families of cupr ate HTSthere is the universal correlation betw een
the isotope shiftsof Tc and � ab(0) [4; 7; 10; 11]. Namely , in the underdoped region � Tc=Tc and
� � ab(0)=� ab(0) scale linear ly in respect to each other with j� Tc=Tcj ' j� � ab(0)=� ab(0)j. How-
ever, close to optim al doping the situation isnot so clear . Khasano v et al. [10] obser ved that
in optim ally doped YBa2Cu 3O7� � the small OIE on Tc is associated with a rather big isotope
shift of � ab(0) which iseven compatible with that in underdoped cupr ates . In contr ast, Tallon
et al. [11] found that in slightly overdoped La2� x Srx Cu 1� y Zny O4 the OIE on � ab(0) becomes
zero, while the OIE on Tc rem ains still substantial.
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In order to clar ify this dis-
crepanc y the OIE's on Tc

and � ab(0) were investigated
by means of magnetiza-
tion and muon-spin rotation
(� SR) exper iments in optim ally
doped YBa2Cu 3O7� � and
La1:85Sr0:15CuO 4, as well as in
slightly underdoped YBa2Cu 4O8

and Y0:8Pr0:2Ba2Cu 3O7� � . We
obser ved a small OIE on the
transition temper ature Tc that
is associated with a substantial
OIE on the in-plane penetr a-
tion depth � ab(0) (see Fig. 9.1).
The fact that a substantial
oxygen-isotope effect on � ab(0)
is obser ved even in cupr ates
with a rather small OIE on Tc

strongly suggests that phonons
are directly or indirectly in-
volved in the pair ing. It is worth
to note that in colossal magne-
toresistance (CMR) mang anites
similar peculiar OIE on var ious
quantities (e.g.f errom agnetic
transition temper ature, char ge-
order ing temper ature) were ob-
served [13]. Thissuggests that in
both classes of per ovskites, HTS
and CMR mang anites , lattice
vibrations play an essential role.

Figure 9.1: Plot of the OIE shift of the zero-temperature
magnetic penetration depth � � ab(0)=� ab(0) versus the OIE
shift of the superconductingtransition temperature � � Tc=Tc

for Y1� x Prx Ba2Cu3O7� � , YBa2Cu4O8, and La2� x Srx CuO4

(closed squares). Open squares are bulk � SR data for
Y1� x Prx Ba2Cu3O7� � [7; 8]. Diamondsare LE-� SRdata for
optimally doped YBa2Cu3O7� � [9]. Open circles are torque
magnetization data for La2� x Srx CuO4 from [6]. Open trian-
glesare Meissner-fractiondata forLa2� x Srx CuO4 [5]. Thesolid
line correspondsto the ”differ ential Uemura“ relation with
� � ab(0)=� ab(0) = 0:5j� Tc=Tcj. Thedotted line corresponds
to the ”pseudogap“ line from [11]. Thedashedline indicates
the �ow to 2Dquantumsuperconductorto insulator criticality
asdescribedin [12].
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9.2 Studiesof pressure effects in novel superconductors

9.2.1 Anomalous electr on-phonon coupling probed on the surface of the super conductor
ZrB12

The traditional concept of superconductivity is strictly associated with the electr on-phonon
interaction. The con ventional theor y is based on the Migdal-Eliashber g adia batic a ppr ox-
imation [1] that leads to the prediction of man y peculiar features which are a direct evi-
dence of phonon-mediated superconductivity . The adia batic a ppr oximation is valid if the
par ameter ! 0=Ef is small (! 0 is the relevant phonon frequenc y and E f is the Fermi ener gy).
Most con ventional superconductor s satisfy this cr iter ia with very few exceptions . Zirconium
dodeca bor ide (ZrB12) isa good candidate for anom alous (nonadia batic) coupling. It stems
from the rather small value of the Fermi ener gy � 1 eV [2] that, together with the Deb ye tem-
per ature � 20 meV [3], leads to a ratio ! 0=Ef � 0.02. One of the key features of nonadia batic
superconductivity is the obser vation of uncon ven-
tional isotope and pressure effects on the mag-
netic �eld penetr ation depth � . Note, that in
adia batic superconductor s (or in superconductor s
where nonadia batic effects are small) the pressure
effect (PE)[4; 5], as well as the isotope effect (IE) [6]
on � were found to be almost zero, in contr ast to
the substantial PE [7] and IE [8] on � obser ved in
highly nonadia batic cupr ate HTS.

We perf ormed detailed studies of the PE on Tc

and � in ZrB12 [9]. A neg ativ e pressure effect on
Tc with dTc=dp = � 0:0225(3) K/kbar is obser ved
[see Fig. 9.2(a)]. The magnetic �eld penetr ation
depth � measured in the Meissner state is largely
deter mined by surface char acter istics. The super-
�uid density � s(0) / � � 2(0) was found to increase
with pressure, with the pressure effect coef �cient
d ln � � 2(0)=dp = 0:60(23) %/kbar [see Fig. 9.2(b)].
This coef �cient is much larger than that one esti-
mated theoretically within the adia batic a ppr oxi-
mation. Thiscan be explained by consider ing that
in ZrB12 the coupling of the char ge carr iers to the
lattice close to the surface has a nonadia batic
char acter [9].

Figure 9.2: Pressure dependencesof the
transition temperature Tc (a) and the su-
per�uid density � s(0) / � � 2(0) (b) of
ZrB12. Thesolid lines are linear �ts asde-
scribedin [9].
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[9] R.Khasanov���	����� , Phys. Rev. B72, 224509(2005).

9.2.2 Pressure effects on the super conducting proper ties of YBa2Cu4O8

In the cupr ate HTSthe cr itical regime where ther mal cr itical �uctuations dominate is exper -
imentally accessible. It was recently shown that in this regime var ious cr itical proper ties are
not independent, but related by universal relations (see e.g. [1]). Accordingly , the IE or
PE on these quantities are expected to be
related as well [2; 3]. We perf ormed a scal-
ing analysis of the pressure effect on the
magnetization and the in-plane penetr ation
depth in underdoped YBa2Cu 4O8 [4]. It was
found that the rise of the transition temper -
ature Tc of underdoped YBa2Cu 4O8 with in-
creasing pressure p is associated with a de-
creasing anisotr op y par ameter 
 and vol-
ume V . Figure 9.3 reveals that the rela-
tive change of the transition temper ature
� Tc=Tc isseen to mirror essentially that of the
anisotr op y par ameter � 
 =
 . Note, that this
behavior is consistent with the gener ic be-
havior for cupr ate HTS, where for a given HTS
family Tc increases with reduced anisotr op y
and thus gives a natur al explanation why
the PEon Tc becomes very small in optim ally
and overdoped cupr ate HTS[5].

Figure 9.3: � Tc=Tc and � 
 =
 versus p of
YBa2Cu4O8 obtained from the scalinganalysis[4].
Thesolid line is � Tc=Tc = 0:0068p andthe dashed
one is � 
 =
 = � 0:006p with p in kbar.
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ity, (ImperialCollegePress, London,2000).
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9.3 Spectroscopicstudiesof novel superconductors

9.3.1 EPRstudy of the spin-lattice relaxation of Yb3+ -doped YBa2Cu3Ox

The mechanism of the spin-lattice relaxation of rare-ear th ions in HTScupr ates is still under
debate [1; 2]. Different models hav e been proposed to explain the exper imental data. In
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order to clar ify this question we per -
formed Electron Param agnetic Reso-
nance (EPR) measurements of Yb3+ -
doped YBa2Cu 3Ox in a wide range
of oxygen doping x (from the anti-
ferrom agnetic to the optim ally doped
superconducting state). The temper -
ature dependence of the EPR line
width as a function of doping x in-
dicates that there are electr onic and
phononic contr ibutions to the relax-
ation process . The electr onic contr i-
bution increases with increasing hole
doping. Figure 9.4 shows the temper -
ature dependence of the relaxation
rate for optim ally doped YBa2Cu 3Ox

without (Tc = 90 K) and with 3% Zn
substitution (Tc = 55 K). In both sam-
ples one can see a drop of relax-
ation rate belo w Tc. This drop is
more pronounced in the sample with-
out Zn doping. However, small Zn dop-
ing cannot signi�cantly change the
phonon spectr um. Therefore, we con-
clude that the drop of the relaxation
rate is related to a reduction of the
electr onic (Korring a) relaxation contr i-
bution belo w Tc due to the opening of
the superconducting ga p and a result-
ing decrease of the density of states at
the Fermi level.
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Figure 9.4: Temperature dependenceof the relaxation
rate for optimally doped YBa2Cu3Ox sampleswith and
without Zndoping.
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Figure 9.5: Doping dependenceof the relaxation rate
(line width) for YBa2Cu3Ox (x = 6:4; 6:7; 6:9).

The rem aining contr ibution to the relaxation is phononic and its temper ature dependence
follows an exponential function with activ ation ener gy of a bout 600 K. Figure 9.5 shows the
temper ature dependence of the relaxation rate for samples with different oxygen doping x.
With decreasing x the Korring a contr ibution isdecreasing, and for x = 6:4 there ispractically
only a phononic contr ibution to the relaxation.

Our results clear ly show that both electr onic and phononic mechanisms contr ibute to the
relaxation of the rare-ear th ions in YBa2Cu 3Ox . For an optim ally doped sample these contr i-
butions are a ppr oximately equal at 100 K, but at high temper atures and/or low hole-doping
the phonon contr ibution dominates .

[1] St.W. LoveseyandU. Staub, Phys. Rev. B64, 066502(2001).
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9.3.2 NMR/NQR investig ations of YBCO compounds

In the search for orbital-current effects in cupr ates we continued our study of var ious 89Y
NMR par ameter s in oriented po wder samples of nor mal conducting Y2Ba4Cu 7O15. The mea-
surements were perf ormed in an exter nal magnetic �eld B of 9 T in the temper ature range
from 98 K to 300 K. Static or �uctuating magnetic �elds originating from an orbital-current
patter n in the CuO 2-planes as predicted [1] would a ppear per pendicular to the planes
(par allel to the c axis) of the compound. Whereas static magnetic �elds par allel to B in-
�uence the NMR linewidth only, �uctuating �elds per pendicular to B alter the spin-lattice
relaxation. Hence, orbital-current effects should change this ratio of investigated Y NMR
par ameter s measured per pendicular to and par allel to the c axis, respectiv ely. The mea-
sured 89Y linewidth ratio is temper ature independent within error bar s. Thisresult yields an
upper limit of 0.02 mT for a possible static orbital-current �eld at the Y site. An estimate for
the amplitude of �uctuating �elds � hor b gener ated by the orbital-current patter n can be
obtained from 89Y spin-lattice relaxation measurements . The orbital-current contr ibution to
the relaxation rate, 1=89T ?

1;tot = 1=89T ?
1 + 1=89T ?

1;or b, changes the ratio 89T jj
1 =89T ?

1 . The exper i-
mentally deter mined ratio, measured with tw o different NMR pulse schemes is temper ature
independent as shown in Fig. 9.6.

For the investigated temper ature range, within error bar s, a relativ e change of maxim al 3%
can be estimated. Provided we know the correlation time of �uctuating �elds � c, we may
estimate � hor b from this value using the relation

1
89T ?

1;or b

= 
 2� h2
or b

t
�

� c

1 + (! L � c)2 < 0:03�
1

89T ?
1 (98K )

= 3:6 � 10� 4s� 1;

where 
 denotes the gyrom agnetic ratio and ! L the Larmor frequenc y of 89Y , respectiv ely.
� c may then be obtained from the under laying ener gy scale of the orbital-current effect via
Heisenber g' suncer tainty pr inciple. As a reasona ble value the ener gy ga p of 0.02 eV related
to the pseudog a p phenomena can be tak en, yielding � c > 2 � 10� 13s. From this we obtain as
an upper limit of the of �uctuating �eld amplitude � hor b = 4:5 mT.
A much lower ener gy scale has recently been obser ved in the plane 63;65Cu spin-lattice

Figure 9.6: Temperature behaviourof the spin-latticerelaxationratio
89 T jj

1
89 T ?

1
in Y2Ba4Cu7O15 measuredwith

two different NMRpulseschemes.
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relaxation in superconducting YBa2Cu4O8 at mK temper atures . In the superconducting
phase the magnetic contr ibution to the Cu spin-lattice relaxation due to spin �uctuations
diminishes because of the opening of the superconducting ga p [2]. At very low temper -
ature this reduced relaxation progressively changes its char acter from magnetic towards
quadr upolar [3]. Moreo ver, it shows an unexpected rate maxim um belo w 1 K, which can be
explained by ther mally activ ated char ge �uctuations with a frequenc y of � 10� 10s and a
distribution of activ ation ener gies centered at 0.09 meV (� 1 K). Thiswork was perf ormed in
colla bor ation with the research group of A.V. Dooglav and M. Eremin at the State University
of Kazan and completed with 63;65Cu spin-lattice measurements of the related Ca-doped
compounds Y1� x Ba2� y Cax+y Cu4O8 ( x+y = 0.02, 0.05, 0.1). During a visit of A.V. Dooglav in our
group a careful reanalysis of the measurements in the Ca-doped samples was perf ormed
showing that investigations of samples with lower Ca content are necessar y, in order to fur-
ther clar ify this exceptional behaviour of YBa2Cu4O8 at lowest temper atures .

[1] P.A.LeeandG. Sha,SolidStateCommun.126, 71(2003).

[2] M.Bankay���	����� , Phys. Rev. B50, 6416(1994).

[3] M.Mali ��������� , J. Supercond.15, 511(2002).

9.3.3 Muon-spin rotation measurements of the penetration depth in Li2Pd3B

The disco very of superconductivity in the ter nar y bor ide superconductor sLi2Pd3B and Li2Pt3B
has attr acted consider a ble interest in the study of these mater ials [1; 2; 3; 4; 5; 6]. It is be-
lieved that superconductivity in both compounds is most likely mediated by phonons . It
stems from photoemission [2], nuclear magnetic resonance (NMR) [3], and speci�c heat [6]
exper iments . However, exper imental results concer ning the structure of the superconduct-
ing ener gy ga p are still contr oversal. On the one hand, NMR [3] data of Li2Pd3B and speci�c
heat data of Li2Pd3B and Li2Pt3B [6] can be well explained by assuming the presence of only
one isotropic ener gy ga p. On the other hand, magnetic �eld penetr ation depth � measure-
ments suggest the presence of tw o isotropic superconducting ga ps in Li3Pd2B and point to
the presence of nodes in the ga p in Li3Pt2B [4; 5]. Systematic studies of the magnetic �eld
and temper ature dependence of � can help to clar ify this discrepanc y.

Muon-spin rotation studies were perf ormed on the ter nar y bor ide superconductor Li2Pd3B
(Tc ' 7:5 K) [7]. The following results were obtained: (i) over the whole temper ature range
(from Tc do wn to 30 mK) the temper ature dependence of � is consistent with what is ex-
pected for a single-g a p s–wav e BCSsuperconductor (Fig. 9.7), (ii) the shape of � (T ) isalmost
independent of the magnetic �eld, (iii) at T = 0 the magnetic �eld penetr ation depth � isal-
most �eld independent (inset in Fig. 9.7), as expected for a superconductor with an isotropic
ener gy ga p.

All the a bo ve mentioned features suggest that Li2Pd3B is a BCS superconductor with an
isotropic ener gy ga p .

[1] K.Togano�����
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Figure 9.7:
Temperature dependence of the zero-
temperature � SR depolarization rate
� sc / � � 2 of Li2Pd3B measured in vari-
ous magnetic �elds (from top to the bottom:
0.02 T, 0.1 T, 0.5 T, 1.0 T and 2.3 T).Solid lines
represent �ts with the weak-coupling BCS
model [7]. The inset shows the �eld depen-
denceof � sc(0). Thesolid line correspondsto
a �t with a �eld independent � (0) = 286(5)
nm [7].

[4] H.Q. Yuan���	����� , cond-mat/0506771.
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9.3.4 Low-energy � SRexper iments in multilay ers and thin super conducting �lms

Over recent year s the � SRtechnique has demonstr ated to be a unique and po werful micr o-
scopic tool for investigating fundamental par ameter s of superconductor s. The low-ener gy
� SRtechnique (LE-� SR)allo ws to explore local magnetic �eld pro�les in HTSand/or magnetic
systems near the surface of thin �lms and multilay er systems on a nanometer scale [1; 2]. In
the last year the upgr ade of the LE-� SRa ppar atus at PSIwas �nished: The rate of good
events a ppr oaches now 1500 per second, making the technique ready for more detailed
exper iments . In the �r st exper iment with the impr oved a ppar atus a YBa2Cu 3O7� � thin �lm
grown at the University of Gene va was investigated. The thic kness of the �lm was chosen to
be a bout 200 nm which is slightly bigger than the maxim um range of the low ener gy muons
in YBa2Cu 3O7 and, on the other hand, is compar a ble with the magnetic �eld penetr ation
depth in this mater ial. These tw o circumstances made it possible to study for the �r st time the
magnetic �eld pro�le inside a superconductor in a Meissner state when the magnetic �eld
penetr ates from both sides of a sample. The reconstr ucted �eld pro�le (av eraged magnetic
�eld seen by muons versusav eraged muon penetr ation depth) is presented in Fig. 9.8.

The sample was �r st cooled in zero magnetic �eld (ZFC) from a temper ature well a bo ve Tc,
then a �eld of 195 Oe was a pplied par allel to the sample surface. One can see that the
magnetic �eld penetr ates (and is screened due to the supercurrent) form both surfaces of
the sample achie ving a minim um at the half thic kness of the �lm, as predicted theoreti-
cally (but was never con�r med exper imentally bef ore). The solid line represents a �t with the
magnetic �eld penetr ation depth � (T = 10 K) = 187(2)nm, which isin agreement with the lit-
erature data for near ly optim ally doped YBa2Cu 3O7� � bulk samples with Tc� 87 K, con�r ming
the good quality of the �lm. As a next step we are planning exper iments in thin PrBa2Cu 3O7

�lms and YBa2Cu 3O7/ PrBa2Cu 3O7/ YBa2Cu 3O7 tri-layerswith different thic kness of individual
layers with the goal to test a possible coupling of the superconducting YBa2Cu 3O7 layers
through the antif errom agnetic PrBa2Cu 3O7 layer.
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Figure 9.8: Magnetic �eld pro�le measured in-
side a thin (200 nm) YBa2Cu3O7� � �lm. The ex-
ternal magnetic �eld of 195 Oe is parallel to the
surface of the �lm. One can see that the mag-
netic �eld penetrates (and is screeneddue to the
supercurrent) from both surfaces of the sample
achievinga minimum at the mid thicknessof the
�lm, asexpectedtheoretically (but wasnevercon-
�rmed experimentallybefore). Thesolid line repre-
sentsa �t with a magnetic�eld penetration depth
� (T = 10K) = 187(2) nm, which is in agree-
ment with the literature data for nearly optimally
doped YBa2Cu3O7� � bulk samples. Colored points
representa temperature scanat �xed implantation
rangecloseto the mid thicknessof the sample.

[1] E.Morenzoni���	����� , J. Appl.Phys. 81, 3340(1997).

[2] TProkscha���	����� , Hyper�neInteractions159, 227(2004).

9.4 Electric�eld effects in perovskites

9.4.1 Electr ic �eld effects on Cr-doped SrTiO3

In colla bor ation with the IBM Rüschlikon Labor ator y, we are investigating resistive and
switching effects that were found on thin
�lms of per ovskites like (Ba,Sr)TiO3, SrZrO3,
and SrTiO3 [1]. These mater ials exhibit a
char ge-induced insulator -to-metal tran-
sition with a resistive memor y effect. Sin-
gle cr ystals of Cr-doped SrTiO3 [2] are
used as a model system for this class of
mater ials to study the drastic resistivity
changes in the bulk under a pplied elec-
tric �eld, the switching betw een mem-
ory levels and to clar ify the role of de-
fects with different valencies . Strontium
titanate is a band insulator (Egap � 3:2
eV), but when exposed to an electr ic
�eld the resistance of the doped per -
ovskite is reduced by several order s of
magnitude. The conducting state is
a prerequisite for the memor y switch-
ing. In order to av oid the cr ystals to be
dam aged by high-po wer load, a typi-
cal forming procedure is perf ormed in
several steps by limiting the po wer (Fig.
9.9a).

Figure 9.9: (a)Forming procedure on a Cr-dopedSrTiO3

singlecrystal. Oncethe current reachesthe compliance
the voltage sourceis decreasedin order to avoidpower
damage. (b) Theincreaseof the conductivity showsa
drasticalchangeafter long-time exposure to high volt-
age.
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Figure 9.10:
Comparisonof the EPRsignal of Cr3+ in Cr-doped
SrTiO3 betweena virgin and a conductivesample.

We prepared a series of single cr ystals to systematically investigate the effects in a wide
range of the Cr doping (from 0.001 to 0.2 molar %). A decreasing forming time by increasing
the Cr content was obser ved. Figure 9.9b shows the typical behavior of one forming step in a
sample with 0.01 molar % of Cr. Here the conductivity increases by one order of magnitude
in 12h. At the higher amount of Cr (0.2 molar %) the full forming procedure tak es only a day .
Another clear evidence of the Cr in�uence on the forming procedure is repor ted in Ref. [4]
where changes of the electr onic state of the Cr dopant are detected by X-ray a bsorption
spectr oscop y on cr ystals. During electr ical stressing the y obser ved the transformation of Cr3+

to Cr4+ in a volume close to the metal electr ode (anode). Because the X-ray a bsorption
collects information restricted to the surface region, we decided to study these mater ials
using electr on par am agnetic resonance (EPR)which allo ws to distinguish different valence
states of Cr and probes the entire bulk. In Fig. 9.10 we compare the EPRsignal of Cr3+ at
room temper ature in the insulating and the conducting state. The amount of Cr3+ decreases
in the conductiv e state.

The simplest process we assume to explain the decreasing of the Cr3+ EPRsignal is a ion-
ization of the Cr site which increases its valence by one unit (Fig. 9.10). The nature of the
free carr iers in the conductiv e state and their precur sor center s are still open questions . In
order to clar ify the role of the electr on remo ved from the Cr site, it is impor tant to under -
stand whether there is a correlation betw een the conductivity and the amount Cr3+ cen-
ter s. Therefore, a special sample holder will be de veloped for in-situ exper iments which will
allo w to a pply an electr ic �eld to the SrTiO3 cr ystals directly in the resonance cavity . This
will allo w the study of changes in the electr onic state of Cr dur ing the electr ical stressing,
leading to the insulator -to-metal transition at the different conductiv e states and possibly will
help to clar ify its micr oscopic mechanism.

[1] A.Beck���	�
��� , Appl.Phys. Lett.77, 139(2000).

[2] Y. Watanabe���	����� , Appl.Phys. Lett.78, 3738(2001).

[3] K.A.Müller���	�
��� , SolidStateCommun.85, 381(1993).

[4] I. Meijer��������� , Phys. Rev. B72, 155102(2005).
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9.5 New developmentsin instrumentation

9.5.1 Soft- and hardw are upgrade of the 5.5T-MPMS

Due to the ongoing interest in investigating magnetic proper ties of novel mater ials in our
labor ator y we decided to update our 5.5T-MPMS (Magnetic Proper ties Measurement Sys-
tem) to a more moder n measurement platf orm. The compan y Quantum Design offered
us an installation procedure which allo ws an update to a Windo ws based softw are called
MultiV u. Thisisnot simply done by installing the corresponding progr am �les , also the CPU of
the MPMS contr ol board, the EPROMdr ive, and the measur ing PC needed to be replaced.
Thiswas achie ved by using a faster Pentium Computer running under Windo ws XP. We hav e
chosen Windo ws XPas oper ating system, because it ismore robust than the ear lier Windo ws
versions and allo ws a con venient way to handle GPIB-interfaces . The installation has worked
out without an y signi�cant problems . A recalibr ation of the system was not needed; the
relevant values and factor s for the �eld calculation and the measurement algor ithms were
simply copied from the older softw are. We chec ked man y of the calibr ation factor s after
the update by some simple test measurements on La1:85Sr0:15CuO 4 single cr ystals in order to
make sure that the system works proper ly. With the help of the new and much more help-
ful diagnostics menu of MultiV u we now hav e access to more system par ameter s dur ing a
measurement and we can chec k an y anom aly dur ing a progr ammed sequence without
a bor ting the current run.

9.5.2 NMR inser t de vice for the 9T-PPMS

A 9T-PPMS(Physical Proper ties Measurement System) is a very �exible equipment for var ious
types of measurements to be perf ormed at temper atures from 1.8 K to 300 K and in an y
�eld from 0 T to 9 T. These features make it very attr activ e to extend the range of our NMR
equipment to temper atures belo w liquid helium and to use swept �eld procedures for broad
line NMR studies. In the frame work of a diplom a thesis [1] perf ormed in the research group
of Prof. A. Schilling a NMR insert ada pted to the speci�cations of the PPMSwas constr ucted
and a new softw are was designed in order to run the PPMSfully under contr ol of the NMR
system. Extensive tests showed that the new NMR-PPMSa ppar atus is fully oper ational.

[1] AlexanderGafner, Diplomathesis, Physik-Institut,UniversitätZürich(2006).
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10 PhaseTransitions, New Materials and Superconduct-
ing PhotonDetectors

M. Reibelt, R. Dell'Amore, H. Bartolf , S.Siegrist (since October 2005), A. Engel and A. Schilling

in colla bor ation with : Paul Scherrer Institute (Ch. Rüegg, J. Mesot, M. Medarde,
K. Pomjakushina, K. Conder), University of Bern (K. Krämer), Bhaba Atomic Research Cen-
ter (G. Ravikum ar), Forschungszentr um Karlsruhe (Th. Wolf, H. Küpf er), Universität Karlsruhe
(K. Il'in), ETHZürich (J. Karpinksi), Deutsches Zentrum für Luft- und Raumf ahr t (H.-W. Hüber s),
CSEM Neuenbur g, FIRSTLab ETHZürich.

Last year we hav e started our activities at the FIRSTCenter for Micr o- and Nanoscience
at the ETHZürich where we are explor ing lift-of f techniques as an alter nativ e to electr on-
beam lithogr a ph y for producing superconducting thin-�lm photon detector s (H. Bartolf and
A. Engel). Within another new project suppor ted by the NCCR MaNEP (Mater ials with Novel
Electronic Proper ties) we hav e also started to synthesize and to study cer tain nic kel oxides
with the aim to explain some of their peculiar electr onic proper ties (S. Siegrist). Details in
the magnetic phase diagr ams of the type-II superconductor s V3Si and NbSe2 hav e been
studied using a differential calor imeter (M. Reibelt), and a novel technique to detect possible
resonance phenomena in TlCuCl3 has been signi�cantly impr oved and successfully tested
on a quar tz resonator (R. Dell'Amore).

10.1 Physicsof superconductingthin-�lm nanostructures and possibleapplica-
tions asfast single-photondetectors

We investigate the proper ties of thin �lm superconductor s, which we further structure into
narrow br idges or meander lines with typical dimensions less than 10 nm thic k and a bout
100 nm wide. The meander lines are of par ticular interest. It has been shown [1] that such
structures , suitably oper ated, can be utilized as very fast and sensitive single-photon coun-
ter s in the visible and near -infrared spectr al range. Recently , such superconducting single-
photon detector s hav e attr acted increasing interest from such div erse �elds as astronom y,
spectr oscop y or quantum cr yptogr a ph y.

In last year' s annual repor t we hav e already discussed the pr incipal detection mechanism
for single photons in these nanostr uctured de vices . There, we also introduced our re�ned
detection model [2] that gives a much more consistent account of the exper imental data.
It follows from the detection mechanism that the cross-section of the strip line needs to be
compar a ble in size to the cross-section of the quasi-par ticle cloud, hence the a bo ve men-
tioned dimensions in the 10 to 100 nm range. Otherwise, stable oper ation of the detector is
hampered by inevita ble noise super imposed on the bias current which needs to be closer
to the equilibr ium cr itical current of the strip the larger the cross-section is compared to
the quasi-par ticle cloud. Further on, it is ob viously also necessar y for the strip line to be
as homogeneous as possible along its entire length; chemically , mor phologically and also
geometr ically , i.e. width and thic kness hav e to be constant.

These requirements make great dem ands on lithogr a ph y processes and de vice production
technology . We hav e made great efforts to impr ove our situation in this respect. We hav e
started, for example, to explore lift-of f techniques as alter nativ e means to obtain the re-
quired nanostr uctures . In Fig. 10.1 we show a cross-section of an already etched co-polymer
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Figure 10.1: SEM-photoof the cross-sectionof a
resistbi-layer. A set of parallel lineswaswritten in
the resist using e-beamlithography. TheSEMex-
amination was done after the etching processand
before depositionof a metal �lm. Thelift-off tech-
nique is basedon a geometricalshadowingeffect.
After deposition the resist is removedusingan ap-
propriate solvent and the �lm depositedon top of
the resistis washedawaywith it. Theresulting line
width would havebeenabout 100 nm.

�lm bef ore deposition and lift-of f. First deposition tests with different metal �lms are promising
and we are con�dent to be a ble to optimize the process par ameter s in order to obtain the
necessar y high-quality nanostr uctures . In Fig. 10.2 we show an example of one of the �r st
successfully prepared meander structures . In this case a Ti-�lm was deposited onto a silicon
substrate. The lines' width is a bout 200 nm and the �lm thic kness is 5 nm. Also visible in
this photo are 4 leads allo wing for 4-point conductivity measurements . In further processing
steps bonding pads overlapping with the leads will be deposited using photolithogr a ph y.
A big adv antage of this lift-of f technique isthe effortlessada ptation to new superconducting
mater ials other than the commonly used NbN. A shift to new mater ials seems to be neces-
sary to increase the spectr al range of these detector s. We hav e already shown in last year' s
repor t that with NbN the sensitivity will be limited to wav elengths belo w a few � m. The spec-
tral sensitivity of NbN detector s is suf�cient for a pplications using wav elengths near 1.3 and
1.5 � m, wav elengths commonly used in telecomm unication. However, for astronomical a p-
plications for example, the limit should be pushed to wav elengths longer than 10 � m. This
may be achie ved with mater ials having lower Tc or much smaller strip cross-sections. At the
other end of the spectr al range, these detector s are interesting for x-ray spectr oscop y due
to their fast response and low jitter. Here, the a bsorption proba bility for x-ray photons needs
to be increased; this implies the need for a superconductor with high Z -number .
Besides the efforts to increase the spectr al range of these de vices , it is also impor tant to
keep the noise, i.e. voltage pulses caused by effects other than the a bsorption of a photon,
as low as possible. We hav e found indications that vortices could be a signi�cant source of
such dar k counts [3]. Other effects that could come into play are for example �uctuations
in the quasi-par ticle density and ther mal or even quantum phase-slips , depending on the
dimensions of the strip line and the superconducting mater ial used. These questions are also
of fundamental interest and we hav e planned future exper iments to shed light onto these
issues.

Figure 10.2: Oneof the �r st successfullyprepared
meander structures using the lift-off technique.
In this SEMpicture the meander appears as the
dark structure. For test purposesa 5 nm thick Ti-
�lm was deposited onto a silicon substrate. The
linewidth in this casewasapprox. 200 nm.
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In summary, we hav e de veloped a re�ned detection model for superconducting single-
photon detector s. Thisnew model gives a much more consistent descr iption of exper imental
data. It also serves as the basis to descr ibe �uctuation phenomena, which could be the
origin of obser ved dar k count rates . In this context we hav e found evidence that vortices
also play a signi�cant role. Within the repor t per iod we hav e also made substantial progress
in lithogr a ph y and de vice production.

[1] A.D. Semenovet al. , PhysicaC, 351, (2001)349.

[2] A.Semenov, et al. , submittedto Eur. Phys. J. B, 47, (2005)495.

[3] A.Engel,et al. , phys. stat.sol.(c),2, (2005)1668.

10.2 Search for resonancephenomenain TlCuCl 3

In the last few year s, quantum spin systems exhibiting magnetic-�eld-induced quantum
phase transitions hav e attr acted much attention [1; 2; 3]. We hav e focused our work on
TlCuCl 3, a 3D coupled spin ladder system, in which magnetic quasipar ticles (magnons) are
supposed to form a Bose-Einstein condensate a bo ve � 0H c � 5.5 T at low temper atures [4].
However, this BEC quantum phase transition requires the spin environment to be axially sym-
metr ic with respect to the a pplied magnetic �eld [5]. ESRmeasurements , on the other hand,
revealed a cer tain de viation from axial symmetr y in TlCuCl 3 [6]. To what extent this asym-
metr y precisely af fects the quantum phase transition is not known.

Last year we hav e started
to build an AC dr iven
Wheatstone-lik e br idge
set-up to detect resonance
phenomena that can be
expected if standing entr op y
wav es form in a BEC. This
work has been continued
and signi�cant impr ovements
hav e been implemented.
The br idge set-up is com-
posed of tw o branches of
identical coils and resis-
tor s, respectiv ely. The same
con�gur ation, with the coils
replaced by ca pacitor s,
can also be used to de-
tect an y kind of electr ical
or mechanical resonance.
The dr ive signal is frequenc y
modulated by the output
signal of a loc k-in ampli�er .
This signal is fed into the
tw o branches of the br idge
set-up. The voltage differ-
ence betw een the center sof

Figure 10.3: Bridge circuit to excite and detect collective modesin
TlCuCl 3. Thecarrier wave of varying frequencyf c = 0.25-2MHzis
frequencymodulated(f m � f c). Thevoltage difference� U across
a balancedWheatstonebridge composedof identical coilsandresis-
tors is ampli�ed andrecti�ed, low-pass�lter ed andanalyzedwith a
lock-in ampli�er . Absorption of energy by the samplein one of the
coils shoulddrive the bridge out of balance.
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Figure 10.4: A quartzcrystal in a shuntcapacitance
C0 (a)and its equivalentcircuit diagram(b).
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Figure 10.5: Theresonances� s and � p detectedon
a quartz resonator.

the respectiv e branches is detected differ-
entially by low-ca pacitance probes . This
voltage is then ampli�ed, and the result-
ing signal is low-pass �ltered to obtain a
signal � U. This signal is measured with a
loc k-in ampli�er , which now only var ies with
the modulation frequenc y f m . By sweeping
the carr ier frequenc y f c of the signal from
250 kHz to 4 MHz (self-resonance of the coil
circuit), we can measure frequenc y depen-
dent changes of the self inductance L or
the ca pacitance C, respectiv ely. The de-
tected signal � U represents a measure for
the der ivativ e of the resonance cur ve with
respect to frequenc y, whereas the peak-
to-peak value scales with the standard-
frequenc y de viation � f (par ameter of the
signal gener ator) if this value ismuch smaller
then the resonance linewidth � � (� f � � � ).

As a �r st test we used a commer cially
av aila ble quar tz cr ystal as a mechanical
resonator , with a resonance frequenc y
� =1 MHz. The br idge set-up for this ex-
per iment consisted of tw o resistors on one
branch and a resistor and a ca pacitance of
similar impedance in this frequenc y range
on the other branch. A piece of quar tz in a
shunt ca pacitance C0 (Fig. 10.4a) can be

reg arded as a simple LCR resonating circuit (Fig. 10.4b), where the resistance R represents
a measure for the losses, and C and L are equiv alents for the elasticity of the quar tz and
mass of the vibrating cr ystal, respectiv ely. Consequently , there are tw o close resonances
� s = 2� 1p

LC
and � p = 2� 1p

LC 0
, (� p > � s). Figure 10.5 shows the detected resonances using this

technique.
Corresponding measurements on TlCuCl 3 at T = 2 K and � 0H = 9 T hav e not yet revealed
the resonances that can be expected in a possible BEC-state, however. A small but irrepro-
ducible bac kground signal of unkno wn origin and the rem aining electr ical noise may still be
too large to detect the expected small signals coming from the sample. Further changes
on the set-up hav e been attempted to reduce the noise and to make a reasona ble bac k-
ground subtraction possible. A step motor ena bles us now to mo ve the sample in and out
of the detection coil ”in situ” in helium atmosphere. Thisallo ws us to perf orm an immediate
bac kground subtraction. Measurements with this new impr oved set-up are in progress.

[1] B. C. Watson���	��� ., Phys. Rev. Lett.86, 5168(2001).

[2] Ch.Rüegg���	�
� ., Nature423, 62(2003).

[3] V. S. Zapf���	��� ., Phys. Rev. Lett.96, 077204(2006).

[4] T. Nikuni���	��� ., Phys. Rev. Lett.84, 5868(2000).

[5] I. Af�eck ���	��� ., Phys. Rev. B43, 3215(1991).

[6] V. N. Glazkov ���	�
� ., Phys. Rev. B69, 184410(2004)
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10.3 Vortex phasesin type-II superconductors

The ph ysics of vortices in high- Tc superconductor s has been a matter of activ e research
because of its high relevance for the technical a pplications of these mater ials. In weakly
pinned superconductor s it should be possible to obser ve a transition of the vortex matter
from a quasi-ordered Bragg glass (BG) to a disordered vortex solid or vortex glass (VG) phase
[1]. Pinning effects can lead to ”superheating” or ”super cooling” of the disordered phase
(DP), and metasta ble phases of the vortex matter can be formed in the Bragg glass region.
These metasta ble phases may hide �r st-order like phase transitions of an equilibr ium state. In
order to get access to the equilibr ium state and to the respectiv e phase diagr am, one can
use repeated quasi-static �eld cycling with a small amplitude [2] or a dynamic equilibr ation
process involving a small AC �eld a pplied transverse to the DC �eld (vortex-shaking) [3; 4;
5; 6]. We built a split-coil arrangement, which creates an AC magnetic �eld per pendicular
to the main magnetic �eld, and we can also perf orm �eld-c ycling loops to get access to
the equilibr ium state. First-order like magnetization steps belo w the onset of the peak effect
(i.e., a sharp increase in the pinning force and cr itical-current density j c as a function of
�eld and/or temper ature in con ventional and high- Tc superconductor s) hav e been recently
obser ved in a single cr ystalline V3Sisphere [7], and exper iments on NbSe2 also point in the
same direction [8]. However, no ther modynamic data on the different vortex phases and
the respectiv e phase transitions in these systems are av aila ble. Currently we are investigating
the phase diagr am of V3Si and NbSe2 with a differential-ther mal analysis (DTA)-a ppar atus
[9] that is par ticular ly sensitive to phase transitions and allo ws us to conduct high-resolution
speci�c-heat measurements .

V3Siis in the clean limit, has a high Ginzbur g-Landau par ameter and a very small anisotr op y.
H. Küpf er from the Institut für Festkörper ph ysik, Forschungszentr um Karlsruhe (Ger man y) pro-
vided us with a spher ical V3Sisample on which �r st-order like features in the magnetization
hav e been obser ved [1; 7]. Since the orientation of the cr ystal with respect to the magnetic
�eld is of impor tance, we let the sphere be oriented by G. Krauss from the Labor ator ium für
Kristallogr a phie, ETHZurich. A NbSe2 single cr ystal was kindly provided to us by G. Ravikum ar,
Bhabha Atomic Research Centre, Mumbai (India). The NbSe2 single cr ystal was a large, �at,
thin disk (m � 6:6 mg), that we had to cut into pieces and stac k them together using a small
amount of Apiezon grease. Thisprocedure
resulted in a sample which has more surface
roughness than a bulk object of equal mass.
Thiscircumstance and the lower Tc of NbSe2

(Tc � 7 K) may make the investigation on
NbSe2 some what more dif �cult than on V3Si.

In our �r st exper iments on V3Si we oriented
the magnetic �eld aw ay from the high
symmetr y axes of the cr ystal. The mag-
netic �eld was kept constant while we
perf ormed temper ature sweeps . Figure
10.6 shows representativ e measurements
on V3Si for � 0H = 1 T. The data exhibit man y
interesting features , but at the large scale
to plot the data in Fig. 10.6 only the most
pronounced ones can be seen. Besides the
large discontinuity at Tc, the data show a
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Figure 10.6: Temperature sweep DTA-
measurements on V3Si at � 0H = 1 T with
different magnetic histories. From � U one can
calculatethe temperature differencebetween the
two thermometers, and, in principle, the speci�c
heat of the sample.
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strong self-heating effect around T = 9 K, which is history dependent and occur s only for
zero-�eld cooling (ZFC), but not for a �eld-cooling (FC) history. Thisand other even more
interesting features are currently under investigation. We are studying the in�uence of sev-
eral par ameter s: The magnetic �eld H , the orientation of the symmetr y axis [101] of the V3Si
sphere relativ e to the magnetic �eld, the temper ature-sw eep velocity , the strength of the
magnetic AC-shaking �eld and its frequenc y, and the history dependence which results, for
example, from the difference betw een zero-�eld cooling and �eld-cooling procedures .

[1] H.Küpfer, G. Ravikumar���	����� , Phys. Rev. B70, 144509(2004).

[2] G. Ravikumar, V. C. Sahin��������� , Phys. Rev. B63, 24505(2001).

[3] M.Willemin��������� , Phys. Rev. B58, R5940(1998).

[4] M.Willemin��������� , Phys. Rev. Lett.81, 4236(1998).

[5] N. Avraham���	�
��� , Nature(London)411, 451(2001).

[6] E.H.BrandtandG. P. Mikitik,Phys. Rev. Lett.89, 027002(2002).

[7] G. RavikumarandH.Küpfer, Phys. Rev. B72, 144530(2005).

[8] S. S. Banerjee, N. G. Patil ���	����� , preprint.

[9] A.SchillingandO. Jeandupeux,Phys. Rev. B52, 9714(1995).

10.4 Synthesisand characterizationof LaBaNiO4� �

The compound LaBaNiO 4� � isa structur al analogue to LaSrNiO4, and in par ticular to the well-
known cupr ate La2CuO 4. While LaSrNiO4 isknown to be metallic [1], LaBaNiO 4� � (at �r st sight
an electr onic analogue to LaSrNiO4) is insulating or at least semiconducting [2]. To clar ify
this issue we hav e prepared polycr ystalline samples of LaBaNiO 4� � , and char acter ized them
by X-ray diffraction, neutr on diffraction, chemical analysis, resistivity, magnetic-susceptibility ,
and speci�c-heat measurements .

The neutr on-dif fraction data as well as a chemical analysis indicate that the LaBaNiO 4� �

samples are oxygen de�cient (� = 0:15), which might also explain the obser ved super struc-
ture (here inter preted as an oxygen-v acanc y order ing), as well as the poor electr ical con-
ductivity as compared to LaSrNiO4 (since also the planar oxygen atoms seem to be af-
fected). We are theref ore planning to try to ensure a full oxygenation of the LaBaNiO 4� �

samples by a pplying a ppr oriate oxygen-annealing techniques , and to repeat the var ious
analysis exper iments .

[1] R.J. Cava ���	����� , Phys. Rev. B43, 1229(1991).

[2] G. Demazeau���	����� , Mat.Res. Bull.17, 37(1982).
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11 SurfacePhysics

T. Greber , M. Hengsber ger , J. Lobo, R. Schillinger , T. Okuda, S.Berner, C. Galli Marxer , B. Xue,
A. Tam ai, A. Dolocan, M. Cor so, C. Cirelli, M. Mor scher, T. Brugger , L. Brandenber ger , M. Allan,
D. Leuenber ger , M. Klöc kner, J. Osterw alder

With the growing impact of nanoscience and -technology , surface and interf ace phenom-
ena hav e to be under stood at the atomic level. The surface ph ysics labor ator y is well
equipped for the prepar ation and char acter ization of clean surfaces , metal and molec-
ular monolay er �lms , as well as self-assembling nanostr uctures , all under ultrahigh vacuum
(UHV) conditions . Experimental techniques av aila ble to us include x-ray photoelectr on spec-
troscop y (XPS)and diffraction (XPD), angle-resolv ed photoemission spectr oscop y (ARPES),
tw o-photon photoemission (2PPE)using femtosecond laser pulses, low-ener gy electr on dif-
fraction (LEED)and scanning tunneling micr oscop y (STM).At the nearb y SwissLight Source
we hav e built up tw o more photoemission spectr ometer s, one for spin-resolved Fermi surface
ma pping and one for near -node photoelectr on hologr a ph y. A growing netw ork of national
and inter national colla bor ations expands this set of exper imental techniques and provides
us also with the necessar y theoretical suppor t.

The research carr ied out dur ing the repor t per iod can be grouped into four topics:

- Electronic statesat metal surfaces
On the close-pac ked (111) surface of nic kel tw o types of surface states , with wav e func-
tions that decay exponentially both into the vacuum and into the bulk of the cr ystal,
are found: a so-called Shockley state that propag ates almost freely within the surface
plane and a Tamm state that isder ived from the more localized d states of the outer most
atomic layer. With reg ards to the surface magnetism of Ni(111) the question ar ises at to
how much these surface states are exchange split and whether their relativ e major ity-
versus-minority spin occupation gives rise to a substantial change in the magnetic mo-
ments in the surface layer. We hav e addressed this issueby means of spin-polar ized ARPES
(Section 11.1). Further more, the investigation of recipr ocal-space spin structures in the
Shockley state on vicinal Au(111), induced by the Rashba effect, was continued (Annual
Repor t 04/05). It became a pparent that these subtle effects could not be studied reli-
a bly and reproducibly with the present COPHEE (COmplete PHotoEmission Experiment)
instrument due to insuf�cient magnetic shielding. The identi�cation and the solution of
this problem hav e caused consider a ble delays in the project; a major constr uction effort,
encasing the complete analyzer -polar imeter unit in a double-lay er � -metal shield, is cur-
rently underw ay. At the same time a toroidal-gr ating monochr om ator has been added
to the high-�ux ultraviolet source of the spectr ometer , per mitting us to tak e data also dur-
ing the long per iods where we hav e no access to the synchrotron beam. We expect the
instrument to be fully upgr aded and commissioned in summer 2006.

- Monolayer�lms of hexagonalboron nitride on metal surfaces
The disco very, tw o year s ago, of a highly intr iguing nanostr ucture in hexagonal bor on
nitr ide (h-BN) layers on Rh(111), the nanomesh , has provided the group with a non-tr ivial
model system for nanostr ucture self-assembly . It forms upon high-temper ature decom-
position of bor azine (HBNH)3 . The lattice mismatch, the high intralay er stiffness of the
h-BN layer, resulting from the strong sp2 bonds , and the loc k-in ener gy associated with
the af �nity of the nitrogen atoms to atop bonding sites (i.e. on top of metal atoms),
a ppear to be impor tant ingredients in the self-assembly mechanism. Thisinsight results
mainly from compar ativ e studies for h-BN layers on other transition metal surfaces , such
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as Pd(111) or Ru(0001), where, depending on a subtle balance betw een these par am-
eter s, a well-ordered tw o-lay er nanomesh forms or a single-lay er Moir é patter n (Section
11.2). On Mo(110), a substrate with a quasi-hexagonal surface lattice, a super structure
with a small unit cell forms, leading to a one-dimensional Moir é type structure (Section
11.3). At even higher prepar ation temper atures , formation of a bor on-only structure is
obser ved, with nitrogen presum a bly being released into the gas phase. Thisphase con-
sistsof a dense agglomer ate of straight, par allel nano wires with widths of 5 to 20 nm and
lengths of up to several micr ometer s.

In Apr il 2005 we hav e launched the European STREP(Speci�c Targeted Research Project)
NanoMesh with the aim to explore potential a pplications of this type of nanostr ucture
while further ing the under standing of its formation. One impor tant aspect for an y a ppli-
cation is the stability and chemical iner tness. As is shown in Section 11.4, the structure
easily survives full immer sion in water . Thisrepresents not only a surface scientist' s dream
of creating a very robust monolay er-de�ned nanostr ucture, but it opens a pathw ay to
molecular functionalization of the mesh through aqueous solutions. In Section 11.5 a 2PPE
study of the nanomesh on Rh(111) is presented. Thistechnique can help to deter mine
the disper sion of the unoccupied conduction band states in the insulating nanomesh
layer. However, from the photon-ener gy dependence of the 2PPEspectr a we hav e to
conclude that, unlike in the case of h-BN/Ni(111) (Annual Repor t 04/05), the dominant
peak iscoming from an occupied state. Finally, our ear lier 2PPEstudy of the h-BN/Ni(111)
system has ended in a proposal for a spin-polar ized electr on source with super ior stabil-
ity as compared to existing de vices . Spin-polar ized currents hav e been demonstr ated
(Section 11.6), and a provisional patent has been �led.

- Adsorbedmolecules
Organic chemists can provide identical nanometer -sized units with desired functionalities
in large quantities . By adsorbing these molecules in well-de�ned geometr ies on surfaces ,
ph ysicistscan play with these functionalities and try to make them useful for speci�c a p-
plications . One interesting issue is the contr olled motion of molecules triggered by some
exter nal par ameter . In Section 11.7, the adsor ption of cor annulene on a h-BN monolay er
is discussed. Thisis a bo wl-sha ped carbon molecule with hydrogen-satur ated edges . In
order to study its response to the presence of magnetic �elds (or more gener ally of local
spin density), the bor on nitr ide layer has been prepared on the (110) surface of a picture-
frame nic kel sample that can easily be magnetized par allel to the surface layer. First
results, obtained in the diplom a thesis of Louis Brandenber ger , show that the molecules
preser ve their proper ties upon adsor ption to the bor on nitr ide layer, while the y par tly dis-
sociate on the bare nic kel surface.

Another impor tant issue is trying to under stand the electr onic proper ties of supramolec-
ular assemblies . For this pur pose, monolay ers of C60 hav e proven to be a fruitful system.
On vicinal Cu(111) surfaces , long linear chains of molecules can be prepared. The posi-
tions and the orientations of the molecules hav e been well char acter ized. The electr onic
structure measured by ARPESshows clear ly one-dimensional disper sion of the highest oc-
cupied molecular orbital (HOMO) peak. Due to char ge transfer from the substrate the
lowest unoccupied molecular orbital (LUMO) is par tly occupied. It does not show signi�-
cant disper sion but a rather intr iguing line shape near the Fermi level, reminiscent of the
one-dimensional ph ysics of a Luttinger liquid (Section 11.8).

The adsor ption of chiral molecules to a surface with chiral center sprovides direct insight in
chiral recognition, which isa fundamental concept in nature. Au(17 11 9) isa gold surface
vicinal to Au(111) with a dense array of kink sites of de�ned chirality. XPD exper iments
show directly that the L and D forms of the amino acid cysteine adsorb at these sites with
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entirely different bonding geometr ies. In Section 11.9 it is now shown that this difference
re�ects itself also in the N 1s core-le vel binding ener gy.

- Time–resolvedelectron diffr action
The time-resolv ed LEEDexper iment has progressed by an impor tant step in this last year:
for the �r st time clear and reproducible tempor al correlation was obser ved in a pump-
probe exper iment overlapping an intense laser pulse and a delay-contr olled low-ener gy
electr on pulse in a scatter ing geometr y on a Cu(111) surface (Section 11.10). The ener gy
analysis of the scattered beam shows small but consistent shifts to higher ener gies near
zero delay , i.e. when pump and probe hit the surface at the same time. Thisener gy gain is
explained by electr on acceler ation in the nascent space char ge cloud gener ated by the
laser pulse. While our main interest lies in the structur al dynamics of the surface induced
by the pump pulse, such space-char ge effects will alw ays present in these exper iments
and hav e to be under stood accordingly .

11.1 Spinpolarization and exchangesplitting of the surfacestateson Ni(111)

in colla bor ation with: Peter Blaha, Institut für Mater ialchemie, Technische Universität Wien,
Austria; Mar kus Roos, Depar tement Technik, Informatik und Naturwissenschaften, Zürcher
Hochschule Winter thur; and Vladimir N. Petrov, St. Peter sburg Technical University, Russia.

The breaking of the translational symmetr y provoked by the surface creates new electr onic
states called surface states . In the case of Ni(111) there are tw o types of surface states:
Tamm- and Shockley states . The Tamm states hav e predominant d-char acter and follow the
� 3 bands , while the Shockley states mainly hav e sp-char acter . Below the Cur ie temper ature
(631 K), each of the surface states should split into tw o spin components . Up to date, only
three surface states hav e been obser ved exper imentally [1; 2; 3; 4], while density functional
theor y (DFT)calculations [5] indicate the existence of four surface states , i.e. tw o exchange-
split Tamm- and Shockley states .
We measured the spin polar ization and the exchange splitting of the surface states on
Ni(111) by means of spin- and angle-resolv ed photoelectr on spectr oscop y (SARPES)with
an ener gy and angle resolution of 85 meV and 0.5� , respectiv ely. Thisexper iment is quite
challenging for mainly tw o reasons: First, the Ni(111)
surface is very reactiv e to residual hydrogen gas
(surface lifetime was less than 1 hour) and, second,
with this technique the acquisition times are very
long (10� 3 times lower ef�cienc y than spin-integr ated
ARPES). Acquir ing data sets with suf�cient statistical
accur ac y thus required the accum ulation of spectr a
from man y surface prepar ations . We used linear ly
p-polar ized light from the SIS beamline at the Swiss
Light Source with a photon ener gy of h� = 21.2 eV.
Figure 11.1 shows the exper imental geometr y. Normal
emission spectr a were obtained at room temper a-
ture after magnetizing the sample along the second
easy magnetization direction. From the indepen-
dently deter mined rem anent magnetization of � 30%
and the Sherman function of the Mott detector s (13%)
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Figure 11.1: Experimentalgeometry.
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Figure 11.2: SARPES(h� =21.2eV)normalemissiondata
from Ni(111)at room temperature. In the top panel the
spin-integrated spectrum (full gray line) clearly shows
the � 3 bulk band, the Tamm and the Shockleystates.
Thespin resolvedspectra depict minority and majority
spin componentswith red up triangles and blue down
triangles for majority and minority spins, respectively.
The bottom panel shows the experimentally observed
Mott-scattering asymmetryalong the bulk magnetiza-
tion direction.

we der ive the spin resolved spectr a along the magnetization axis as shown in Fig. 11.2. The
exchange splitting for the � 3 bulk d-band is � E x =160� 10 meV, in excellent agreement with
the work of Ref.[6]. The Tamm state shows an ener gy splitting which is also found in DFT[5].
The main difference is the magnitude of the splitting which is, like for the bulk bands , smaller
in the exper iment (� E x =120� 10 meV) due to correlation effects in the photoemission �nal
state [7]. The exchange splitting of the Shockley surface state is consistent with the upper
limit proposed in the work of Ref. [3].

[1] F. J. Himpsel,D. E.Eastman,Phys. Rev. Lett.41, 507(1978).

[2] M.Donath,F. Passek,V. Dose, Phys. Rev. Lett.70, 2802(1993).

[3] J. Kutzner, R.Paucksch,C. Jabs, H.Zacharias, J. Braun,Phys. Rev. B56, 16003(1997).

[4] W. Auwärter, PhD. Thesis, UniversityofZurich(2003).

[5] G. B. Grad,P. Blaha,Internalcommunication(2003).

[6] K.P. Kämper, W. Schmitt,G. Güntherodt,Phys. Rev. B, 42, 10696(1990).

[7] F. Manghi,V. Bellini,J. Osterwalder, T.J. Kreutz,P. Aebi,andC. Arcangeli,Phys. Rev. B59, R10409(1999).

11.2 Boron nitride nanomesheson different substrates

in colla bor ation with: Andr ii Gor yachko and Herber t Over, Physikalisch-Chemisches Institut,
Justus-Liebig-Universität Giessen; Hermann Sachde v, Anor ganische Chemie, Universität des
Saarlandes; Peter Blaha, Rober t Laskowski, Thomas Gallauner , Institut für Mater ialchemie,
Technische Universität Wien, Austria.

Recently our group disco vered a peculiar , highly ordered nanostr ucture: a nanomesh of
hexagonal bor on nitr ide (h–BN) self-assembles on a hot (1070 K) Rh(111) surface upon ex-
posure to 40 L (1 Langm uir=10� 6 torr� s) of bor azine (HBNH)3 (Fig. 11.3a) [1]. h–BN units
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Figure 11.3:
a) and b): Constant–current STMimages
(-2 V and 1.0 nA, 13� 13 nm2 ) of the � –
BN nanomeshon Rh(111)and Ru(0001),
respectively.
c) and d): Cross–sectionalpro�les along
the white lines in images a) and b), re-
spectively.

aggreg ate to form this double-lay er hone ycombed netw ork of 3 nm per iodicity and 2 nm
hole size. The tw o layers are offset so that near ly the entire under lying metal surface is co v-
ered. One of the dr iving forces for its formation is the large lattice mismatch of -6.8 % be-
tw een the h–BN �lm and the Rh substrate. In the case of h–BN on Ni(111), where the lattice
mismatch is only +0.4%, complete and �at monolay ers form. The growth of nanomeshes on
different substrates is now investigated, with the pur pose to contr ol hole size and shape. A
nanomesh can be grown also on the Ru(0001) surface (Fig. 11.3b). The lattice mismatch is
here -7.3 %,a value similar to the one on rhodium, since the tw o metals hav e almost equal in-
plane lattice constants (0.269 nm for Rh and 0.270 nm for Ru [2]). A difference betw een the
tw o substrates ar ises in the stac king of the third layer belo w the surface since rhodium has a
face–centred cubic (fcc ) bulk structure while ruthenium is hexagonal close-pac ked (hcp ).
STM images show that the nanomeshes grown on these surfaces hav e similar per iodicity ,
hole size, wire thic kness and corr ug ation (Fig. 11.3c and d). Also the number of electr onic
bands assigned to the h–BN overstructure is the same in both cases , as was measured with
ARPES(not shown).
Nevertheless, intr iguing differences ar ise in the regular ity and the order ing of the mesh units.
In the nanomesh grown on Ru(0001) the density of def ects such as asymmetr ic holes or
mesh dislocations is signi�cantly higher than in the Rh(111) nanomesh (Figs. 2a and 2b). In
the latter case de viations from a perf ect hexagonal patter n of perf ectly circular holes are
mainly obser ved in close vicinity to br ighter patches . These patches hav e been tentativ ely
identi�ed as being induced by the Ar+ ion sputter ing for cleaning the substrate pr ior to
nanomesh formation. Argon bubbles form in the subsurface region and induce local strain
in the surface layer [3]. Far from these regions the nanomesh is very regular . In the Ru(0001)
nanomesh on the other hand, def ects are a bundant and occur without ob vious correlation
to surface def ects on the substrate.

(a) (b)
Figure 11.4:
Constant–current STMimages (-2 V and
0.5 nA, 100� 100 nm2 ) of the � –BN
nanomeshon Rh(111)(a) and Ru(0001)
(b).
Theseimagesillustrate the different de-
greeof order observedfor the two struc-
tures.
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Total ener gy calculations indicate that the strongest bonding of h–BN adsorbed on var ious
noble and transition metal surfaces , with the N atoms sitting atop and B on fcc sites, occur s
for the 4d series. The bonding is stronger the more holes are present in the d -band (Pd, Rh,
Ru in increasing order).

On Ru(0001) the N atoms are thus par ticular ly strongly bound to the under lying metal atoms ,
providing a high loc k-in ener gy with reg ard to later al shifts of the h–BN units. It is also found
that the ener gy cost for pseudomor phic h–BN growth, where the bor on nitr ide adopts the
lattice constant of the substrate, would be too large on these surfaces (0.6 eV per h–BNunit
for Rh). Therefore, the h–BN layer conser ves its own lattice constant. On Pd(111), this has
been shown to lead to Moir é patter ns with var ious orientations of the h–BNlayer [4]. It seems
that the formation of a h–BN nanomesh is not only dependent on the lattice mismatch, but
also on the a bility of the h–BN units to loc k onto the substrate atoms . A subtle balance of
these tw o features may also be cr ucial for the degree of order in the mesh.

[1] M.Corso, W. Auwärter, M.Muntwiler, A.Tamai,T. Greber, J. Osterwalder, Science303(2004)217.

[2] N.W. Ashcroft,N.D. Mermin,SolidStatePhysics, SaundresCollegePublishing,NewYork1976.

[3] M.Gsell,P. Jakob, D. Menzel,Science280(1998)717.

[4] M.Morscher, M.Corso, T. Greber, J. Osterwalder, Surf. Sci.,submitted.

11.3 ; -BNand boron nanowireson Mo(110)

High temper ature decomposition of bor azine (HBNH)3 is a con venient method to grow
monolay ers of hexagonal bor on nitr ide (h-BN) on transition metal surfaces , leading to a va-
riety of interesting super per iodicities and nanostr uctures including the recently disco vered
nanomesh [1]. In the diplom a thesis of Milan Allan the same method was a pplied to the
molybdenum (110) surface. Two new and interesting structures were obser ved.
At very high prepar ation temper atures (a bout 1170 K) ultra-narr ow (2 to 30 nm) bor on
nano wires form (Fig. 11.5a). They are very long (up to some � m), leading to aspect ra-
tios betw een 10 and 500. The wires are straight and well arranged along the [001] direction
of the Mo(110) surface. In the direction along the wires, the cr ystal structure matches the
per iodicity of the under lying Mo surface, as revealed by LEED. No per iodicity isseen per pen-
dicular to them.

Figure 11.5: STMimagesof a) boron nanowiresobtained by borazineexposure of Mo(110)at 1112K,and
b) the � -BNstructure prepared at 944 K.Theinsetsshowsmallarea scans.

11. SURFACE PHYSICS
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At lower prepar ation temper atures (a bout 950 K), a h-
BN monolay er is formed, with a super lattice structure
similar to the one recently obser ved on Ni(110) [2].
The h-BN layer and the Mo(110) surface form a coinci-
dence lattice along the [001] direction. Four Mo(110)
lattice spacings match �v e h-BN lattice spacings (mis-
match -0.8%). Thisis indeed con�r med by LEEDwhich
shows a (4� 1) super structure. ARPESshows clear ly
bac k-folded bor on nitr ide bands shifted by a wav e
vector that corresponds to a �v e-fold overstructure
in the h-BN layer. Stripes along the [110] direction
are obser ved on STMimages (Fig. 11.5b). It is still un-
clear whether the y ar ise from a new kind of nanos-
tructure or simply from a Moir é patter n. The bor on
1s core level XPSreveals a chemical shift of 2.3 eV
betw een the h-BN structure and the bor on nano wire
structure. Thisshows the different chemical bonding
of the bor on in the tw o phases .

At inter mediate prepar ation temper atures , a mixture
of the tw o structures (h-BN and bor on nano wires)
is obser ved. The coexisting phases conser ve their
char acter istic proper ties. This is evidenced by XPD,
LEED and XPS. The relativ e a bundance of the tw o
phases on the surface can be measured using the
relativ e weight of the integr als of the correspond-
ing B1s peaks . These measurements reveal that the

Figure 11.6: XPS spectra of the B1s
core level. Eachcurve is labeled with
the Mo(110) temperature at which the
structure wasprepared.

phase ratio is easily tuna ble by varying the temper ature (Fig. 11.6). It is also possible to �r st
prepare the lower-temper ature phase (h-BN) and anneal it to obtain the high temper ature
phase (bor on nano wires).

[1] M.Corso, W. Auwärter, M.Muntwiler, A.Tamai,T. GreberandJ. Osterwalder, Science300(2004)217.

[2] T. Greber, L.Brandenberger, M.Corso, A.TamaiandJ. Osterwalder, e-J. Surf. Sci.Nanotech.,inpress.

11.4 Stability of the ; –BNnanomeshon Rh(111)in aqueousenvironment

in colla bor ation with:
Matthias Schrec k, Stefan Gsell, Experimentalph ysik, Universität Augsbur g.

The stability of the nanomesh in var ious environments is impor tant for possible a pplications
as a template for regular nanostr uctures or as a functional surface for chemistr y or biology
a pplications . Therefore, the stability of the nanomesh has been further tested in aqueous
conditions by immer sion of the sample into liquid water .

A nanomesh layer was prepared on a Rh(111) thin �lm that had been grown by MBE on a
sapphire (0001) substrate at the University of Augsbur g. The sample was then remo ved from
the UHV system through the fast-entr y air loc k. The sample was then immer sed for 30 minutes
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Figure 11.7:
Constant–current STMimage of a nanomeshsample im-
mersed in water and reintroduced in UHV for analysis
(80� 80 nm2 , 80 pA, -1V).

in ultra pure water and subsequently blo w-dr ied in He. The dry sample was immediately rein-
troduced into the entr y loc k. A slow annealing up to 750� C in UHV followed for outg assing.
After this procedure, the nanomesh isclear ly visible in STMimages (Fig. 11.7), although there
issome contamination present on the surface. UPSand LEEDcon�r med the presence of the
nanomesh.

11.5 Two-photon photoemissionfrom the ; -BNnanomesh

The bor on nitr ide nanomesh on Rh(111) [1] has tw o hexagonal mesh layers with 2 nm di-
ameter holes and 3.2 nm per iodicity , which are offset such as to co ver most of the metallic
substrate. Due to its very high ther mal stability this regular nanostr ucture represents an inter-
esting template for ordered supramolecular architectures . For a pplications of this kind, it is
necessar y to investigate the conduction bands of this insulating bilay er. The unoccupied
electr onic band structure was theref ore ma pped by means of pump-pr obe tw o-photon
photoemission (2PPE).Brie�y , by photon a bsorption from a �r st light pulse (pump) electr ons
are promoted from occupied initial states into unoccupied inter mediate states , where the y
are probed after a de�ned time delay by the second light pulse (probe) via the photoelec-
tric effect. Therefore, beside spectr oscopic information, 2PPEgives access to both, lifetimes
of inter mediate states , and coherent excitation dynamics [2].

Our femtosecond laser system has been set up for tw o-color 2PPEexper iments where pump
and probe pulses hav e different quantum ener gies: the fundamental of a Coherent MIRA
oscillator , with 790-840 nm wav elength, 76 MHz repetition rate and 60 fs time duration (red
pulse), and itssecond har monic (blue pulse), gener ated with a 0.5 mm thic k � � bar iumbor ate
(BBO) cr ystal. The initial red beam is split into tw o identical beams by a 50% beam splitter.
One of the tw o beams isused to produce the blue beam while the second isgoing over an
in-house built delay stage in order to vary the pump-pr obe time delay on the sample. The
blue pulses were pre-compressed in a pr ism compressor stage in order to compensate for
the chir p acquired dur ing their propag ation.

For blue laser pulses only (one-color 2PPE), the nor mal emission spectr um from the h-BN
nanomesh exhibits gener ally low intensities (Fig. 11.8, blue spectr um). When red and blue
pulses arrive in coincidence on the sample (zero delay), a peak at 4.57 � 0.02 eV as well
as the secondar y peak near the low-ener gy cutof f are greatly enhanced (Fig. 11.8, red
spectr um). Thiswould suggest the presence of an inter mediate state, the occupation of
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which is pumped ef�ciently by blue (red)
light and probed by red (blue) light. The
ener gy of this unoccupied state should be
either 1.47 eV or 3.02 eV depending on
whether the red light or the blue light is re-
sponsible for the pumping.

The inter pretation of 2PPE spectr a is com-
plicated by the involvement of three states
(initial, inter mediate and �nal states) and
the dif�culty of identifying the origin of a
peak as due to one of the three. In order
to correctly attr ibute peaks in the spectr a
to initial or inter mediate state ener gies, the
peak position can be traced as a function
of exciting photon ener gy. For initial states ,
the peak mo ves with the sum of pump and
probe photon ener gies (here three times the
fundamental), while for inter mediate states
it mo ves with the probe photon ener gy only.
In our case the fundamental wav elength
was var ied betw een 790 and 840 nm (cor -
responding to photon ener gies of the red
light betw een 1.57 and 1.47 eV). The peak
positions measured at coincidence of red
and blue pulses were linear ly �tted show-
ing a slope very close to 3 (Fig. 11.9). This
means that the peak position mo ves with
three times the fundamental photon ener gy,
i.e. it can be assigned to an initial state. On
the h-BN nanomesh on Rh(111) we thus ob-
serve an initial state at a binding ener gy of
80 � 20 meV. By compar ison, the spectr a
for h-BN/Ni(111), where an even stronger in-
tensity enhancement is seen for coincident
red and blue pulses, reveal a slope of 1.28
which is likely to be caused by a contr ibu-
tion of tw o inter mediate states . Thismarked
difference betw een the tw o systems raises
the question as to whether it is due to the
different bonding to the substrates or due to
the nanostr uctur ing in the nanomesh �lm.
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[1] M.Corso, W. Auwärter, M.Muntwiler, A.Tamai,T. GreberandJ. Osterwalder, Science303, 217(2004).

[2] T. Hertel,E.Knoesel,M.WolfandG. Ertl,Phys. Rev. Lett.76, 535(1996).

[3] M.Hengsberger, M.Muntwiler���	�
��� , to bepublished.
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11.6 A sourceof spin-polarizedelectrons: ; -BN/Ni(111)

in colla bor ation with: W. Schüsslbauer and T. Ruchti, Time-Bandwidth Products AG, Technopar k,
8005 Zürich, Switzerland.

Electron sources are used in all dom ains ranging from technical de vices of daily life like
cathode-r ay tubes to large-scale scienti�c exper iments like electr on acceler ator s. While the
ener gy distribution and the av erage kinetic ener gy of the electr ons can easily be contr olled
by �ne tuning of the electr on emission par ameter s (like e.g. bias potential and temper ature
of the source), the contr ol over the spin polar ization of the electr on beam is dif �cult. The
latter is of great interest for par ticle ph ysics exper iments and for studies of magnetic systems
in condensed matter ph ysics, including the burgeoning �eld of spintronics .

In recent tw o-photon-photoemission (2PPE)exper iments , we found that a high electr on cur-
rent can be obtained within a very small solid angle of a bout 5� opening from a Ni(111)
surface co vered with a monolay er of hexagonal bor on nitr ide [1]. Brie�y , using the resonant
super position of tw o excitation pathw ays for photons of an ener gy of 1.55 eV and 3.1 eV
(or 800 nm and 400 nm, respectiv ely), electr ons are excited out of initial states close to the
Fermi level via tw o different inter mediate states into the very same �nal state with very high
ef�cienc y (see Annual Repor t 2004/05). The nic kel bands exhibit a strong exchange splitting
in the ferrom agnetic ground state with only minor ity d-bands and both exchange-split sp-
bands crossing the Fermi level [2]. Since the electr on spin is preser ved dur ing the excitation
process it may be expected that this photoelectr on current be spin polar ized. Moreo ver,
due to the small emission cone, the br illiance of such a source would be high making it an
ideal candidate for a pplications where good focusing of the electr on beam isrequired. The
h-BN layer ischemically iner t, and only slight degr adation of the surface has been obser ved
in a moder ate vacuum of 10� 9 mbar over per iods of several days .

In order to test the hypothesis of a spin-polar ized electr on current, a small exper imental
2PPEsetup was mounted at the COPHEE endstation of the SwissLight Source [3], which is
equipped with a 3D Mott spin polar imeter . It consisted of a small turn-key mode-loc ked
laser oscillator (Pallas test system, Time-Bandwidth Products) which gener ates 3 nJ pulses of
800 nm light at 100 MHz repetition rate. Par t of the output was frequenc y-doubled in a 1 mm
thic k � -bar ium bor ate cr ystal. The other par t was slightly delay ed in time such that both
pulses arrived at the same time on the sample and both beams were tightly focused onto
the sample, resulting in a count rate of a few Hertz in the Mott channels . The data were
tak en from a picture-fr ame like sample in rem anent magnetization.

A typical data set is shown in Fig. 11.10 together with the spin analysis. An integr al spin
polar ization of a bout 5% is obser ved in these measurements , assuming a resolving po wer of
the Mott detector s (Sherman function) of 0.15. From the known rem anent magnetization
of the sample, which was only 20%, we conclude that a source with a fully magnetized
substrate could yield a spin polar ization of the order of 25%. An even higher spin polar ization
may be expected if light of larger wav elength is used, but this could not be veri�ed with
the current setup. On a medium time scale, a fully megnatiza ble source will be de veloped
utilizing thin nic kel �lms on suitable substrates . Due to its super ior stability and high br ightness ,
this de vice might be an interesting alter nativ e to the currently used cesiated GaAs spin-
polar ized electr on sources [4]. A provisional patent has successfully been submitted [5].

[1] M.Muntwiler, M.Hengsberger���	�
��� , to bepublished.
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[2] G.B. Grad,P. Blaha,K.Schwarz,W. Auwärter, andT. Greber, Phys. Rev. B68, 085404(2003).

[3] M.Hoesch,T. Greber, V.N. Petrov, M.Muntwiler, M.Hengsberger, W. Auwärter, andJ. Osterwalder,
J. El.Spec.Rel.Phen.124, 263(2002).
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11.7 Corannuleneadsorptionon h -BN/Ni(110)

in colla bor ation with: Jay S.Siegel and Yao-Ting Wu, Organisch-
chemisches Institut der Universität Zürich, and Ari P. Seitsonen, In-
stitut de Min éralogie et de Physique des Milieux Condens és, Uni-
versité Pierre et Mar ie Cur ie Par is-VI,France.

Corannulene (C20 H 10 ) is a bo wl-sha ped molecule with a �v e-
fold symmetr y axis, where three cor annulene skeletons may be
assembled into C60 (see Figure 11.11. On surfaces it is expected
to become char ged, as does C60 . It has a dipole moment and a
larger diam agnetic response than C60 . Together with its cur ved
but non-spher ical geometr y, it is thus a candidate molecule for
molecular magnetostr iction. Along the lines of a recent exper i-
ment with C60 on h-BN/Ni(111) [1] we prepared one monolay er
of cor annulene on h-BN/Ni(110), since Ni(110) has in-plane easy
magnetization axes. As on Ni(111) closed single-lay er hexagonal
bor on nitr ide may be formed by exposure of Ni(110) to bor azine
(H B N H )3 , where we �nd in coexistence a (1 � 6) and a
(5 � 7) super structure [2]. In Figure 11.12 the He I� excited
photoemission spectr um for h-BN/Ni(110) and for one mono-
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Figure 11.12:
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layer of cor annulene on top of it is shown. The data demonstr ate that one monolay er of
cor annulene suppresses the subsrate emission, which is most clear ly seen by the strong re-
duction of the h-BN � band feature. A compar ison with cor annulene gas phase photoemis-
sion data of Seiders et al. [3] shows molecular orbitals which coincide with those of one
monolay er of cor annulene on h-BN/Ni(110). Thisis a clear indication that the molecules sur-
vive the eva por ation and adsor ption process intact. The intensity a ppear ing betw een the
highest occupied molecular orbitals (HOMO' s) (e 1 ,e2 ) and the Fermi level signals char ge
transfer into the lowest unoccupied molecular orbital (LUMO) of the molecule.

[1] M.Muntwiler, W. Auwärter, A.P. Seitsonen,J. Osterwalder, andT. Greber, Phys. Rev. B, 71, 241401(2005).

[2] T. Greber, L.Brandenberger, M.Corso, A.TamaiandJ. Osterwalder, e-J. Surf. Sci.Nanotech.,inpress.

[3] T.J. Seiders, K.K.Baldridge, J.S. SiegelandR.Gleiter, TetrahedronLetters, 41, 4519(2000).

11.8 LUMOphotoemissionlineshapein low-dimensionalC60 arrays

in colla bor ation with: A. P. Seitsonen, Institut de Min éralogie et de Physique des Milieux Con-
dens és, Université Pierre et Mar ie Cur ie Par is-VI; L. Patthe y, SwissLight Source, Paul Scherrer
Institut; F. Baumber ger and Z.-XShen, Depar tment of Applied Physics, Stanford University.

The electr onic proper ties of con ventional three-dimensional metals are successfully descr ibed
by the Fermi-liquid theor y. When the dimensionality of such a system is reduced to one, the
Fermi-liquid state becomes unsta ble towards an y man y-body interactions and under cer tain
conditions the conduction electr ons may be descr ibed like a Luttinger -liquid [1]. In photo-
emission such a state reveals itself through a char acter istic exponential decay of the intensity
towards the Fermi level and the presence of independent spin and char ge excitations in the
spectr um.

C60 molecular chains grown on a Cu(553) vicinal surfaces are a good system to investigate
the proper ties of electr ons in low dimensions [2]. Angle resolved photoemission (ARPES)has

11. SURFACE PHYSICS
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Figure 11.13: Low temperature (T=10 K) He I�
angle integrated photoemission spectra of one
monolayer of C60 in a 1D and in a 2D molecular
arrangementon Cu(553)andCu(111),respectively.
Inset: High-resolution spectra measured near the
Fermi level; the thick line correspondsto Cu(111).
The triangles mark the position of the satellites
due to electron-phononcoupling.
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shown a very anisotr opic disper sion of the C60 HOMO (highest occupied molecular orbital),
which indicates that the electr onic coupling ispredominant along the chains . The electr ons
in the t 1u conduction band, which der ives from the lowest unoccupied molecular orbital
(LUMO), deter mine the transpor t proper ties of the C60 chains . Because of char ge transfer
from the metal substrate, the LUMO ispar tially occupied and contr ibutes signi�cantly to the
density of states near the Fermi level.

In Fig. 11.13 the angle integr ated photoemission spectr um for the C60 chains is compared
with the one for a C60 monolay er on Cu(111), where the molecules form a regular 2D hexag-
onal patter n. In that case, the spectr um presents a sharp Fermi edge, indicativ e of the
metallic char acter of the layer. The maxim um of the peak is just belo w the Fermi level po-
sition as expected for a par tially occupied LUMO band. At higher binding ener gies we see
additional features , in par ticular a peak at 0.1 eV and a peak-dip structure around 0.2 eV,
which resemble those obser ved in the gas phase C �

60 , where the shoulder swere inter preted
in ter ms of ener gy lossprocesses due to electr on-phonon coupling [3].

The spectr um of the LUMO in the one-dimensional chains isrem arka bly different. The peak is
broader than in 2D systems. There is signi�cant LUMO emission up to 0.6 eV belo w the Fermi
level, which is much higher than the non–inter acting total bandwidth (0.3 eV) calculated
within LDA for the exper imental 1D C60 structure. Very surpr ising is the fact that the maxim um
of the broad hump a ppear s more than 0.2 eV belo w the Fermi level; mo ving towards EF

the intensity decreases and no sharp quasi-par ticle-lik e peak a ppear s. Thisbehavior has
not been encountered bef ore in photoemission from other C60 �lms and we belie ve it is
deeply related to the highly anisotr opic band structure of the one-dimensional chains . In
par ticular it would be very tempting to inter pret the loss of intensity at EF as the signature
of a Luttinger liquid. However, the spectr um maintains some features of the 2D LUMOs. The
phonon satellites a ppear at the same ener gies as on Cu(111), and there is a well de�ned
Fermi edge due to emission from the C60 layer. A similar linesha pe has been obser ved for
potassium inter calated bundles of single-w all carbon nanotubes , where a transition from a
Luttinger liquid to a Fermi-liquid behavior has been induced upon K doping [4]. For the C 60
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chains it is possible that scatter ing of the electr ons through the metal substrate reduces the
1D char acter of the LUMO states de veloping inter chain coherence. The peculiar linesha pe
we obser ve could indicate dimensional crossover from one to higher dimensions .

[1] J. Voit,Rep. Prog.Phys. 58(1995)977.

[2] A. Tamai,W. Auwärter, C. Cepek,F. Baumberger, T. Greber, andJ. Osterwalder, Surf. Sci.566–568(2004)633;A.
Tamai,A.P. Seitsonen,T. Greber, andJ. Osterwalder, Phys. Rev. B, submitted(2005).

[3] O. Gunnarsson,H. Handschuh,P.S. Bechthold,B. Kessler, G. GanteförandW. Eberhardt,Phys. Rev. Lett.74
(1995)1875.

[4] H.Rauf, T. Pichler, M.Knupfer, J. FinkandH.Kataura,Phys. Rev. Lett.93(2004)0968051.

11.9 Identifying enantiomers with core level photoelectron spectroscopy: the
aminoacid cysteineon Au(1711 9)S

in colla bor ation with: �Zeljko �Sljivan �canin, École Polytechnique Féd érale de Lausanne, and
Bjørk Hammer , Depar tment of Physics and Astronom y and iNANO, University of Aarhus , Den-
mark

Atomic kink sites on a vicinal single cr ystal surface provide an array of chiral center s as a
model system to study processes such as chiral recognition. Chiral heter orecognition of the
chiral amino acid cysteine (H SC H 2 � C H N H 2 � C OOH ) by the chiral Au(17 11 9)S sur-
face has recently been demonstr ated by x-ray photoelectr on diffraction (XPD) and density
functional theor y (DFT)calculations [1]. On Au(17 11 9) cysteine adsorbs in tw o distinct, non-
mirror symmetr ic conf ormations for D- and L-cysteine. From XPD data a well-ordered single
orientation adsor ption was inferred for each enantiomer . The theoretical predictions and
the exper imental results for the bonding geometr y are in excellent agreement. The calcu-
lations �nd a difference in the total adsor ption ener gies for the tw o enantiomer sof 140 meV,
where D-c ysteine binds stronger to the S kinks of the surface than L-cysteine. In the struc-
tural model from the DFTcalculations , the nitrogen atom of D-c ysteine binds to the outer
kink atom (coordination c=6, see Fig 11.14) and the N atom of L-cysteine binds to the step
edge (c=7). Thisdifferent binding environment should also be re�ected in different, enantio-
speci�c N 1s binding ener gies. Indeed, upon adsor ption of slightly less than one molecule
per (17 11 9) unit cell, and thus per kink site, we �nd a difference in the N 1s binding en-
ergy betw een L- and D-c ysteine of 204� 10 meV in x-ray photoelectr on spectr oscop y (XPS)
(Fig. 11.15). To our knowledge this is the �r st identi�cation of enantiomer s by core level shifts.
Moreo ver, the L-cysteine spectr um shows a second feature at 1.77 eV higher N 1s binding
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Figure 11.14: Sketch of the Au(17 11 9) surface
with L- and D-cysteine. The depicted adsorption
structures are those found by DFTcalculations[1]
and are fully consistentwith XPDand XPSdata.
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ener gy, which indicates the presence of N H +
3 , in accordance with literature [2]. Since the

D-c ysteine/A u(17 11 9) and the L-cysteine/A u(17 11 9) systems were prepared under iden-
tical conditions , this also indicates enantio speci�c adsor ption reaction pathw ays. These
exper iments were perf ormed at the SwissLight Source (SLS),at the Paul Scherrer Institut in
Villigen.

[1] T. Greber, Z.Sljivancanin,R.Schillinger, J. Wider, andB. Hammer, Phys. Rev. Lett.96,056103(2006).

[2] G. Gonella,S. Terreni,D. Cvetko, A.Cossaro, L.Mattera,O. Cavalleri,R.Rolandi,A.Morgante, L.Floreano, andM.
Canepa,J. Phys. Chem.109,18003(2005).

11.10 Time-resolvedlow-energy electron diffr action

in colla bor ation with: Herber t Over, Physikalisch-Chemisches Institut, Justus-Liebig-Universität
Giessen

Stroboscopic exper iments access the motion of objects . In pump-pr obe exper iments the
object is �r st excited and subsequently probed. In order to see dynamics on the molecular
scale one needs an exper iment with nanometer and picosecond resolution.

Thiscan be realized with x-rays [1] or massive par ticles [2; 3]. The high scatter ing sensitivity of
slow electr ons for light elements can be exploited in low-ener gy electr on diffraction (LEED)
where the elastic scatter ing cross section is larger than for high-ener gy electr ons or x-ray
photons . Thisadv antage has to be paid for by the dif �culty to prepare a suf�cient number
of electr ons with good ener gy de�nition � E/E. This is, besides the path length differences
of var ious trajector ies betw een electr on source and tar get, the main source for loss of time
resolution [4].

The electr on source is a gold photocathode, which is excited from the bac k side with a
400 nm femtosecond laser pulse. Two-photon photoemission processes provide a par tly col-
limated electr on pulse. In the present gun design the nominal tempor al spread of electr ons
on the sample is 5 picoseconds at an electr on ener gy of 100 eV and a photocathode to
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Figure 11.16:Experimentalsetupfor time-resolved
low-energy electron scattering: a pump-probe
experiment probes space-charge dynamics on a
Cu(111)surfacewith 55 eVelectron pulses.
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Figure 11.17:
a) Asymmetryof the electron energy distribution after scattering on a Cu(111)as a function of the time
delaybetweenpumpandprobepulse. Onthe left handsideof the delayscalethe electronshit the surface
before the pumppulse. Theasymmetryis ( I w � I 0 )=( I w + I 0 ) , where I w is the intensity of the scattered
electronswith pumpand I 0 that without pumpbeam.
b) Energy spectra with and without pump at coincidence(dashedline in a) labeled 'b'). Note the shift
in energy of about 150 meVin the presenceof the pump pulse. Thebottom panel showsthe difference
between the two curves.
c) Energy spectra with andwithout pumpoff coincidence(around1 nsafter coincidence, dashedline in a)
labeled 'c').
d) Asymmetriesasa function of delay time at two different energies.
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sample distance of 5 mm. At the space-char ge limit we detect 0.1 electr ons per pulse in
the (0,0) LEEDre�ection. Figure 11.16 shows the actual exper imental setup where specular ly
re�ected 55 eV electr ons probe structur al changes on the tar get. By varying the delay of the
electr on arrival relativ e to the surface excitation by an ener getic pump pulse, the evolution
of these changes can be monitored in pr inciple. Here we demonstr ate that the scattered
electr ons are also sensitive to the dynamics of the space char ge created by the pump pulse.

Fig. 11.17 shows the response of a Cu(111) tar get upon 100 fs, 800 nm light pulse excita-
tions with an ener gy of 2.6 � J/pulse. In order to highlight the transient changes we give in
Fig. 11.17a the asymmetr y ( I w � I 0 )=( I w + I 0 ) , where I w is the intensity of the scattered
electr ons with pump and I 0 that without pump, as a function of the delay stage position.
The electr on ener gy spectr um is af fected by the pump pulse, which is seen by a delay-
dependent ener gy shift. At a cer tain delay stage position, which we de�ne as tempor al
coincidence of pump and probe (delay zero), the electr ons which are scattered in the pres-
ence of the pump beam gain a bout 150 meV kinetic ener gy (see Figs. 11.17b and 11.17c
for compar ison).

These ener gy shifts cannot be explained by changes in elastic scatter ing, nor by inelastic
ener gy losses. More likely, the space char ge that is created by the intense pump pulse, with
a �uence in the order of 4 mJ/cm 2 and a duration of a bout 100 fs, af fects the electr ons. We
see space-char ge dynamics on the picosecond scale. Electron pulses hitting the sample
surface at the same time as the pump pulses (coincidence) feel the repulsive force after
the scatter ing and the y are thus acceler ated; electr on pulses hitting the sample after co-
incidence hav e to trav el twice acr oss the space-char ge electr on cloud and are thus both
acceler ated and deceler ated. For 55 eV electr ons a delay of 340 ps translates in an electr on
trav eling distance of 1.4 mm. From the ener gy shift of 150 meV and the interaction time of
340 ps we estimate an acceler ation �eld strength in the order of 110 V/m, which corresponds
to surface char ge densities in the order of 1010 electr ons/m 2 .

[1] K.Sokolowski-Tinten,C. Blome, J. Blums, A.Cavalleri,C. Dietrich,A.Tarasevitch,I.Uschmann,E.Förster, M.Kammler,
M.Horn-von-HoegenandD. vonderLinde, Nature422,287(2003).

[2] M.Aeschlimann,E.Hull„J. Cao, C.A.Schutenmaer, L.G. Jahn,Y. Gao, andH.E.Elsayed-Ali,D. A.Mantell,andM.R.
Scheinfein,Rev. Sci.Intrum.66,1000(1995).

[3] J.C. Williamson,J.M.Cao, H.Ihee, H.Frey, A.H.Zewail,Nature386,159(1997).

[4] R.Karrer, H.J. Neff, M.Hengsberger, T. Greber, andJ. Osterwalder, Rev. Sci.Intrum.72,4404(2001).
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12 Physicsof BiologicalSystems

Cor nel Andreoli, Conr ad Escher, Hans-Werner Fink, Michael Krüger ,
Tatiana Latyche vskaia, Hiroshi Okamoto, Gregor y Stevens.

in colla bor ation with:
Jevgeni Ermantr aut, Clondiag Chip Technologies (Ger man y); Pierre Sudraud, Orsay Physics
(France); Roger Mor in, CNRSMar seille (France); John Miao, University of Calif ornia at Los An-
geles (USA); Dieter Pohl, University of Basel; Andreas Plüc kthun, Peter Lindner , Biochemistr y
Institute, University of Zurich; Bettina Böttcher , EMBL-European Institute for Molecular Biology,
Heidelber g; Andre Geim, Centre for Mesoscience & Nanotechnology , University of Manch-
ester.

In connection with the structur al investigation of biological objects by Low Energy Elec-
tron Point Source (LEEPS)micr oscop y we esta blished a relia ble sample prepar ation tech-
nique to be a ble to investigate single phage molecules . Hologr ams of single molecules
hav e been recorded and numer ically reconstr ucted. The reconstr ucted images hav e been
compared with TEM images of the same molecule which was very useful to validate the
numer ical reconstr uction step. A European NESTADVENTUREgrant proposal has been ac-
cepted for funding, our group being the leading par tner within a European consor tium. Af-
ter signi�cant technical impr ovements of our low-temper ature LEEPSmicr oscope, electr on
hologr ams could be recorded from carbon �ber s at liquid He temper ature. The numer ical
routine for hologr am reconstr uctions has been impr oved and allo ws now the simultaneous
retr ieval of a bsorption and phase shifting proper ties of the hologr a phically recorded object
with the consequence that transparent phase objects can be reconstr ucted from holo-
grams . After the successful de velopment of a new ion source based on the solid electr olyte
(AgI)(AgPO 3 ), which has been repor ted last year , studies on the conduction mechanism
hav e been perf ormed. Direct exper imental evidence for the existence of ion conduction
pathw ays has been found by obser ving the emission patter ns of a sharp solid electr olyte tip
in a �eld ion micr oscope. A new �eld emission micr oscope has been built in the frame work
of the adv anced practical student cour ses in ph ysics to obser ve and analyse the motion of
Cs atoms on a W (110) surface.

12.1 Structure of individual biological molecules

Gregor y Stevens, Michael Krüger and Hans-Werner Fink
in colla bor ation with: Andreas Plüc kthun and Peter Lindner of the Biochemistr y Institute

The objectiv e of this project is to acquire in-line electr on hologr ams of individual molecules ,
from which an image of the molecule can be numer ically reconstr ucted. In order to present
the molecule to the coherent electr on wav e, it must be prepared so that electr ons are scat-
tered by the molecule, with minim um disturbance from a suppor ting substrate. One way
of doing this is to use a �lamentous molecule that has been suspended acr oss a hole in a
suppor ting �lm. The molecule chosen for these exper iments is a mutant of �lamentous bac-
ter iophage called f1K. Thiswas chosen because not only can it be placed in the electr on
beam, but it may also be used as a con venient scaf fold to present other molecules to the
electr ons.
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Since Apr il 2005, we hav e
obtained electr on holo-
grams of a single f1K using
a pur pose-built Low En-
ergy Electron Point Source
(LEEPS) micr oscope. This
micr oscope is called the
bioLEEPS, and was designed
and constr ucted for imag-
ing biological molecules .
From these hologr ams ,
numer ically reconstr ucted
images of the phage were
obtained and compared
to a transmission electr on
micr oscope (TEM) image of
the same phage. Although
the resolution of the image
does not provide detailed
structur al information a bout
the phage, it is nevertheless
encour aging that the size
and shape of the object
image obtained by holog-
ra ph y is in good agreement
with the size and shape of
the image obtained with
the TEM.

A new de velopment in the
prepar ation of the phage is
that the specimen is more
quic kly frozen than bef ore.
This seems to pre vent the
phage forming bundles of
tw o or more phage par ticles
acr oss the hole in the sup-
por t �lm. An under stand-
ing of the need to ra pidly
freeze the specimen, to en-
cour age the formation of
amor phous rather than cr ys-
talline ice, came a bout dur-
ing a visit to the lab of
Prof. Kühlbr andt at the Max
Planc k Institute for Bioph ysics
in Frankfur t (Main).
A TEM micr ogr a ph of an
individual free-standing
phage is shown in Fig. 12.1
(a). The width of the �la-
ment, 7.5 nm, indicates that

(a): 100 kV TEMmicrograph of
a single f1K phage suspended
across a 400 nm wide slit in a
carbon�lm.

(b): a micro machinedcarbon
support �lm with an array of
addressableslits.

(c): a hologram of the same
phage in (a), recorded with an
electron energy of 88 eV.

(d): numerically reconstructed
image from the hologram in
(c) obtained with software de-
veloped by Dr.Tatiana Laty-
chevskaia.

Figure 12.1: We gratefully acknowledgethe Institute of Veterinary
AnatomyandVirology, University of Zurichfor the useof their facili-
ties in making the TEMimages.
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this isan image of a single phage, rather than a bundle of tw o or more strands . Another new
de velopment is the use of a carbon suppor t �lm with holes and slits that are addressa ble,
as shown in Fig. 12.1 (b). These special suppor t membr anes are prepared in our lab with
a state-of-the-ar t focussed ion beam system. With this kind of suppor t �lm, it is relativ ely
easy to locate the same molecule so that it can be imaged in both the TEMand the LEEPS
micr oscope.

The phage shown in Fig. 12.1 (a) was placed in the LEEPSmicr oscope at a distance of 7.4 � m
from a point source of coherent electr ons so that a high contr ast in-line electr on hologr am
was cast on a detector screen located 100 mm aw ay. The resulting hologr am is shown in
Fig. 12.1(c). The phage structure, depicted in Fig. 12.1 (d) as the amplitude of the recon-
structed object wav e, was obtained numer ically , and shows the phage magni�ed by a
factor of a bout 1.1� 105 .

Images of the phage obtained using the TEMand by numer ically reconstr ucting the holo-
gram are shown in Fig.12.1 (a) and (d). It was possible to compare the tw o imaging methods
because the same molecule was located using the addressing system for the slit. In these
images , it can be seen that the ratios of the width to the length of the �lament are in good
agreement, as are var iations in the width of the molecule along its length.

We studied the effect of varying the distance betw een the electr on source and the spec-
imen on the formation of hologr ams . It is clear from these exper iments , together with sim-
ulations of electr on trajector ies near an unchar ged �lament, that there is a lower limit in
the source-specimen distance, be yond which the hologr ams cannot be reconstr ucted with
the presently av aila ble softw are. This lower limit a ppear s to depend on the exper imental
conditions , including the diameter of the �lament being imaged.

It has been possible to obtain and reconstr uct electr on hologr ams of an individual phage. It
isnow a matter of extending these studies towards structur al biology of single molecules . We
envision proceeding towards this goal by emplo ying the phage as a scaf fold to bind single
molecules to its protein shell.

As a �r st step towards this goal, we hav e succeeded in binding mono N-Hydroxy Succinimide
(NHS) gold nanopar ticles to the protein coat of the phage without causing the phage to
cross-link and form aggreg ates . We found that it is necessar y to keep the ratio of nanogold
par ticles to phage binding sites to a value of less than one so as not to overload the phage
with gold nanopar ticles . The next step will be to obtain hologr ams of the nanogold par ticles
attached to the phage. Once it has been esta blished that the nanogold par ticles can be
imaged on the phage coat by electr on hologr a ph y, we plan to extent this technique to
attach biological proteins of interest to the phage. Initial exper iments in this direction will
focus on binding green �uorescent protein to the phage with NHScross linker molecules .

Apar t from the challenge associated with presenting single molecules to the coherent elec-
tron wav e, var ious impr ovements in the instrumentation and hologr am reconstr uction routine
are needed towards obtaining three-dimensional high resolution data on single biological
molecules . We plan to begin this by impr oving the sensitivity of the data collection system: a
�bre optic plate will be emplo yed to couple the detector screen directly to the chip of the
CCD camer a.
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12.2 TheSIBMARproject

Hans-Werner Fink, Tatiana Latyche vskaia, Gregor y Stevens and Michael Krüger
in colla bor ation with: Andreas Plüc kthun of the Biochemistr y institute, Andre Geim of Manch-
ester University and Bettina Böttcher of EMBLHeidelber g

We formed a consor tium with tw o other European par tner s: groups headed by Prof. Andre
Geim of the University of Manchester and Dr. Bettina Böttcher of the EMBLin Heidelber g, and
a pplied for a European NESTADVENTUREgrant to de velop LEEPSmicr oscop y for imaging
biological macr omolecules at atomic resolution. Thisproposal was called SIBMAR,and in
Januar y 2006 it was aw arded funding for up to �v e postdoctor al positions for three year s.

The main objectiv e of this project, to obtain structur al information a bout individual biological
macr omolecules at atomic resolution, will be accomplished by tac kling the following sub
objectiv es:

- An atomically thin carbon suppor t substrate will be de veloped by Prof. Geim' s group.

- The effects of low ener gy electr ons on biological molecules will be studied by Dr. Böttcher' s
group.

- Prof. Plüc kthun' sgroup will de velop methodologies for prepar ing individual bio molecules .

- Dr. Latyche vskaia, of Prof. Fink's group, will de velop numer ical reconstr uction routines for
reco vering three-dimensional images from a set of hologr ams .

- Other s in Prof. Fink's group will de velop a prototype LEEPSmicr oscope for obtaining high
resolution hologr ams .

We are now in the process of negotiating a contr act with the European Commission and
expect that the project will begin around the middle of 2006.

12.3 ThecryogenicLEEPSproject

Hiroshi Okamoto and Hans-Werner Fink

The constr uction of the cr yogenic low ener gy electr on point source micr oscope (cr yo-LEEPS)
has come to a successful conclusion dur ing the last year . Although the micr oscope has
been ca pa ble of imaging for more than a couple of year s, numer ous impr ovements on
electr o-static environment, magnetic shield, and cooling system among other s resulted in
high enough relia bility of the instrument as well as suf�cient image quality at low temper a-
tures that �nally allo wed for publication of the technical descr iption of the micr oscope [1].
The micr oscope (Fig.12.2) is one of the only tw o currently existing helium-temper ature LEEPS
systems in the world. The other one de veloped by Dr. B. Cho of Prof. Oshima' s group at
Waseda University in Ja pan [2] allo ws for cooling of the �eld emitter .

One unique feature of our system isthat the whole micr oscope including the imaging screen
is immer sed to liquid helium to guar antee suf�cient cooling of the specimen. The reason is
as follows. Viewed from the specimen-emitter assembly , the imaging screen spans a con-
sidera ble solid angle. According to Stefan-Bolzm ann' s law , infrared radiation heat �ux is
propor tional to T 4 , and clear ly we must cool the screen do wn to cr yogenic temper ature to
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stop large radiation heat in�ux
to the specimen. Indeed, we
hav e obser ved a signi�cantly
higher degree of char ge-up
of a lace y carbon specimen
at liquid helium temper ature
(Fig. 12.3 c) but not at room
temper ature (Fig. 12.3 a) or
at liquid nitrogen temper ature
(Fig. 12.3 b): Such a signi�cant
change with temper ature had
not been repor ted bef ore.
Moreo ver, it was found that
char ging was not obser ved
near the metallic gr id suppor t-
ing lace y carbon �lm at liquid
helium temper ature. This fact
under scores the notion that

Figure 12.2: The LEEPSmicroscope
unit. (A) The cryogenic connector.
(B) The �eld emitter. (C) The tube
piezoasa part of the Besocke step-
per, hidden inside the aluminium
shield. (D) The Besocke plate, on
which specimensare mounted. (E)
The screen assemblyconsisting of
a metallic mesh and a phosphor
screen. The copper tube above
the screen assemblyprevents stray
electronsfrom reachingthe screen.

(a)

Carbon �ber s at room
temperature.

(b)

An image taken at liq-
uid nitrogen tempera-
ture.

(c)

At liquid helium tem-
perature, carbon �lm
appears to become
rather insulating.

(d)

At places close to the
supporting gold 400
meshgrid, interference
fringes are still visible.

Figure 12.3:
LEEPSimagesof a laceycarbon�lm. Thehorizontalbarsin (a),(b),
and (d) indicate estimated 100 nm, 100 nm, and 500 nm scales,
respectively, as deducedfrom the Fresnel fringes seen in these
images. Theelectron energieswere 80 eV, 65 eV, 85 eV, and65 eV
for (a)-(d),respectively.
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electr on conductivity of the specimen and/or substrate is of impor tance at low temper a-
tures. Additionally , we hav e introduced a method to estimate scale of images based only
on the obser ved Fresnel fringe spacing and known electr on ener gy. Thismethod is par ticu-
lar ly useful for a LEEPSsystem under var iable temper ature conditions . Based on the method,
the scale of the hor izontal bar s in Fig. 12.3 were estimated to be 100 nm, 100 nm, and 500
nm, respectiv ely.

In line with the group' s interest in visualizing electr ical conduction in nanoscale objects ,
this instrument should be ideal to study, for example, the transition of electr ical conduction
mechanism from ther mal excitation to quantum mechanical hopping.

[1] H.OkamotoandH.-W. Fink,Rev. Sci.Instrum.77,043714(2006).

[2] B. Choet al. , Rev. Sci.Instrum.75,3091(2004).

12.4 Numericalhologram reconstruction

Tatiana Latyche vskaia and Hans-Werner Fink

An in-line hologr am is recorded as following. A single molecule is placed in a div ergent
beam of coherent electr ons, and a magni�ed shado w of the molecule a ppear s on a de-
tector screen. The image isa hologr am, which is formed by the interf erence of tw o electr on
wav es: those which are scattered by the molecule (object wav e) and those which are not
scattered (reference wav e). The hologr am can be used to numer ically reconstr uct the �eld
distribution at different distances from the screen, giving the molecule' s shape at var ious
distances . By combining this information, the 3-dimensional shape of the molecule can be
rendered. The �nal goal is to retr ieve the three-dimensional shape of a biological molecule
at a few 	A resolution.

In the pre vious year , the numer ical routine for hologr am reconstr uctions was de veloped. In
the last year this routine was impr oved so that phase objects , which are transparent for the
electr on beam, could be reconstr ucted from hologr ams . The present reconstr uction rou-
tine allo ws simultaneous retr ieval of a bsorption and phase proper ties of the hologr a phically
recorded object.

To validate our phase reconstr uction method exper imentally , we recorded optical holo-
grams of a micr oscopic glass sample with engr av ed psi-letter s in it. For both, pure amplitude
and pure phase objects , a 10 nm thin layer of ITO was deposited onto a round glass co ver
slide (thic kness of a bout 0.15 mm) by e-beam eva por ation. For the pure amplitude object,
additional layers of titanium (1.5 nm) and then gold (20.5 nm) were deposited onto the ITO
layer. The psi-letter was then formed by remo ving par ts of titanium and gold with a focussed
ion beam machine (FIB).For the pure phase object, a psi-letter was engr av ed in the ITO layer
and the under laying glass.

Fig. 12.4 a) shows a hologr am of an area of the glass piece where both objects , amplitude
and phase psis are engr av ed. Fig. 12.4 b) shows the reconstr ucted a bsorption distribution
and Fig. 12.4 c) shows the reconstr ucted phase distribution. While the amplitude psi-letter
a ppear s sharp on the reconstr ucted a bsorption distribution, it a ppear s out of focus on the
reconstr ucted phase distribution, and the phase psi-letter is only visible in the reconstr ucted
phase distribution.
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Figure 12.4:
a) Hologramof a glassarea with two psisengraved, one is a pure amplitude and the other one is a pure
phaseobject; the sizeof the area is about 300� 300 mm2 . Thescalebar is about 50 mm.
b) Reconstructedabsorptiondistribution.
c) Reconstructedphasedistribution. Thesizeof the reconstructedarea is about 435� 435� m2 .
Thescalebars in b) and c) are about 100 � m.

The de veloped numer ical routine is especially impor tant for reconstr uction of hologr ams of
biological objects , as biological objects demonstr ate both, a bsorption and phase shifting
proper ties when recorded with low ener gy electr ons (100-200 eV).

12.5 Studieson the ConductionMechanismin a SolidElectrolyte

Conr ad Escher, Cor nel Andreoli, Tatiana Latyche vskaia and Hans-Werner Fink

in colla bor ation with: Dieter Pohl, Physics Institute, University of Basel

Having de veloped a solid electr olyte ion source for focused ion beam a pplications , the
source is eventually used as a tool to study the conduction mechanism in solid electr olytes .

In a good solid-electr olyte, the mobile ions can mo ve almost as freely as in a liquid. The
resulting DC and AC conduction in solid state de vices of the type shown in Fig. 12.5 (a)
has been studied extensiv ely [1; 2]. However, details a bout the micr oscopic conduction
mechanism in solid electr olyte conductor s are exper imentally not directly accessible. If, on
the other hand, the solid electr olyte is given the shape of a sharp tip, set on high potential
with respect to some counter electr ode, ions of the mobile species may be �eld emitted and
detected on a screen of a �eld ion micr oscope [3]. Thisopens up the possibility to measure
the emission current [4] and to obser ve the emission dynamics . In this way, direct insight into
the conduction mechanism can be obtained. Here we repor t on such an exper iment with
a source made of amor phous (AgI) 0:5(AgPO 3 )0:5 .

The fa br ication of this solid electr olyte is fair ly easy and it can readily be shaped into a
sharp tip. Further more, its conductivity at room temper ature is one of the largest known
(� � 10� 2 S/cm at 25oC) [5; 6] . Contacting the tip to a silver wire or �xing it with silver paste
to the source holder provides a silver reservoir, which is required for continuous oper ation.
The solid electr olyte tip is incor por ated into a �eld ion micr oscope (Fig. 12.5 (b)). When a
high voltage is a pplied betw een tip and detector , Ag + ions are �eld emitted from the solid
electr olyte and acceler ated onto the detector . The ion emission signal is �nally transferred
into a light signal on a �uorescent screen as shown in Fig. 12.5 (c). A highly magni�ed image
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of the emission sites at the tip
a pex is obser ved and the dynam-
ics of the emission patter ns on the
screen are recorded by a video
camer a. With this technique, we
address the question of the con-
duction mechanism in amor phous
electr olytes .

Theory predicts that the mobile
ions mo ve in conduction path-
ways [6]-[15] but exper imental
evidence has been indirect only.
In amor phous (AgI) x (AgPO 3 )1� x

[5,6] with x� 0.5, chosen for
our investigation, it is belie ved
that the pathw ays are made up

Figure 12.5: Schematicsetups to measure ion conduction
properties. (a) Electrolytic cell, allows time-resolved mea-
surements, but on a macroscopicscale. (b) Field ion micro-
scopewith a solid electrolyte assourceallows time- andspa-
tially resolvedmeasurementsof a microscopicarea. (c) The
ion emissionsignal from an (AgI)0:5(AgPO3)0:5 tip, recorded
with a video camera at a frequencyof 25 Hz.

of the highly conductiv e AgI respectiv ely its Ag + ions which squeeze betw een the glass-
forming, lessconductiv e AgPO 3 chains . Thisexpands the glass netw ork which might explain
the existence of a �r st sharp diffraction peak in the neutr on diffraction spectr um at unusually
small momentum transfer [12]- [16]. Abo ve concentr ations x� 0.3, cluster -like regions per co-
late into extended channels [5]- [7]. Thisallo ws hopping of Ag + through the whole solid-
electr olyte. Extended numer ical simulations of the atomic arrangement in the ionic glass
structure con�r m this picture [9; 10]. They lead to a re�ned model where the conduction
pathw ays are created by the dynamic response of the AgPO 3 netw ork to the occupation
of mobile cation sites by Ag + . The relaxation of the netw ork is slow compared to the hop-
ping attempt frequenc y; the netw ork structure thus per sistsfor some time after an ion has
hopped to the next site. Thisleav es a trace for more ions to follow its path.

We shall �r st descr ibe exper imental obser va-
tions consistent with the model outlined a bo ve.
Thereafter , we present quantitativ e data that
provide direct exper imental evidence for the
existence of ion conduction pathw ays. As
a pparent from Fig. 12.5 (c), the emission does
not originate from a single, large spot as one
might hav e expected for a tip surface that
a ppear s completely smooth in the electr on
micr oscope [4]. Instead it consists of a number
of br ight spots as small as 3 nm in diameter .
As evident from the sequence in Fig. 12.6,
cooling the tip with liquid nitrogen decreases
the number of spots and the emission cur-
rent to almost zero. This demonstr ates that a
ther mally activ ated process is responsible for
the rate of ion emission - in agreement with
theor y predicting a temper ature-dependent
mobility of ions being the impor tant rate-
limiting factor [8]. Upon cooling, the number
of emission sites decreases while the inten-
sities of the rem aining sites stabilize. In view
of the conduction pathw ay model, it a p-

Figure 12.6: Qualitative observation of the
temperature dependenceof the ion conduc-
tivity. The sequenceshows the decay of the
emissionspot intensities at constant voltage
uponcoolingdown by liquid nitrogento anes-
timated �nal temperature of about 100 K.
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Figure 12.7: Quantitativeeval-
uation of the silver ion emis-
sion patterns. (a) Schematic
cut through an ion emitter tip
exhibiting a network of ion
channels. (b) The superpo-
sition of 3000 video frames
clearly showsthe existenceof
distinct emissionspots at the
tip apex. Three out of a to-
tal of 14spotsfor further anal-
ysis of their intensities as a
function of time have been
marked by red squares. (c)
The intensity auto-correlation
function for spot 2 with a
temporal resolution of 40 ms.
(d) The auto-correlation func-
tions for 14 individual spots.
(e) Cross-correlation between
two neighboring spots (1 and
2) 10 nm apart. (f) Cross-
correlation betweentwo spots
(1 and 3) separated by a dis-
tanceof 130 nm.

pear s plausible that not only the mean hopping attempt frequenc y is reduced when the
electr olyte is cooled do wn but also the relaxation time of the surrounding netw ork structure
is prolonged. As a consequence, only the most pronounced pathw ays rem ain activ e and
lead to stabilized currents for the reduced overall �ux of Ag + ions.

It is interesting to note that the emission current of a (AgI) 0:5(AgPO 3 )0:5 tip needs a few
minutes to build up, and hysteresis in the I/V-char acter istics was obser ved [4]. This, ag ain in
view of the pathw ay model, indicates that the de velopment of conduction pathw ays to the
a pex is not instantaneous .

However, the most direct indication for ion emission from individual end points of conduction
pathw ays, as sketched in Fig. 12.7 (a), is the fact that the emission patter ns consist of a
number of distinct spots with smallest diameter s and separ ations of the order of 3 nm. Even
after a super position of 3000 consecutiv e emission patter ns, equiv alent to an integr ation
over 2 minutes , the discrete nature of the emission is preser ved (Fig. 12.7 (b)). Given this
distinct spatial distribution of emission sites, the obser ved �uctuations in the overall ion signal
must be due to �uctuations within individual sites.

The analysis of the time dependence of these micr oscopic currents shall provide insight into
the dynamics of char ge transpor t within individual pathw ays. To explore this, we measured
the intensity auto-correlation function for 14 individual spots. The current versus time signal
has been evaluated by monitor ing the relativ e detector intensities of individual spots. For
each spot the auto-correlation function f has been computed according to:

f (� t ) =
1

N � � t

N � � tX

t =0

( I ( t ) � I )( I ( t + � t ) � I )

( I ( t ) � I ) 2
(12.13)
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Figure 12.8: Distance dependenceof the
crosscorrelation. (a) Emissionpattern from
which two different regions have been ar-
bitrarily chosen for further analysis. (b,c)
In these two regions, the cross correlation
function at � t=0 hasbeenevaluatedfor sev-
eral spotsat different distancesin respectto
a referencespot, marked in red. (d) Thetwo
data sets(circlesand squares)represent the
decayof the cross-correlation for the two re-
gionson the apexof the solid electrolyte ion
source.

where I(t) is the intensity at time t, I represents the mean intensity, N+1 is the number of
data points t =0,� � � ,N and � t is the time lag. All auto-correlation functions display ed in
Fig. 12.7 (c,d) show a char acter istic decay time of a bout 200 ms up to which a positiv e cor -
relation per sists. Once this char acter istic time has ela psed, a channel that did emit a bo ve
the av erage current is exhausted for some time which is re�ected in a neg ativ e correlation,
maintained for a bout one second. It is followed by a correlation function that is zero for all
longer times , as expected. As a consistenc y chec k for the picture drawn a bo ve, we also
investigated the cross-correlation betw een different ion emission spots. Neighbour ing spots
separ ated by only 10 nm exper ience the same local over- respectiv ely under -supply. Thissig-
ni�es that the y are supplied by joined pathw ays in the bulk. In fact, the build-up respectiv ely
decay of this supply is associated with a char acter istic time dur ing which a positiv e cross-
correlation ismaintained (Fig. 12.7 (e)). Thisdecay time ag ain amounts to 200 ms, consistent
with the results of the auto-correlation exper iments . However, spots that are separ ated by
more than 100 nm show no correlation for an y time (Fig. 12.7 (f)).

To obtain information a bout the later al extent of the ion pathw ay netw ork, we hav e �nally
investigated the distance dependence of the cross-correlation coef �cient for � t=0 as a
function of the separ ation of tw o spots. The results are shown in Fig. 12.8. In accordance with
the model, as sketched in Fig. 12.7 (a), the crosscorrelation gradually decays with increasing
distance betw een tw o emission sites. A measure for the density of the netw ork isgiven by the
later al distance over which a positiv e correlation betw een spatially separ ated ion channels
is maintained. It turns out, as a pparent from the distance decay of the cross correlation
function for � t=0 (Fig. 12.8 (d)), that individual ion pathw ays of the netw ork comm unicate
over distances up to a bout 60 nm.

[1] Highbrightnesssolidstateion generator, its use, andmethodfor makingsuchgenerator, Patent�led in March
2005.Inventedby:C. Escher, S. Thomann,C. AndreoliandH.-W. Fink(Universityof Zurich),J. ToquantandD. Pohl
(UniversityofBasel)
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12.6 Teaching

Hiroshi Okamoto, Cor nel Andreoli and Hans-Werner Fink

In connection with the new lecture Physics on the nanometer scale a new �eld emission
micr oscope has been set-up in the frame work of the adv anced practical student cour ses in
ph ysics where the motion of Cs atoms on a W (110) surface can be obser ved and analyzed
by �eld emission micr oscop y. The students obser ve �eld emission in an ultra high vacuum
environment and lear n how to measure the work function as well as to extract the tip radius
of the �eld emitter from a Fowler-Nordheim plot. A change of the workfunction after Cs
deposition onto the W-tip will be obser ved and the noise �uctuation of the �eld emission
process is recorded with a spectr um analyzer to deter mine the diffusion constant of Cs on
the W surface at different temper atures .

In addition 3 ph ysical labor ator y assistant a pprentices spent par t of their practical education
cour se within our lab and were guided and advised by Cor nel Andreoli.

12. PHYSICSOF BIOLOGICAL SYSTEMS
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13 MechanicalWorkshop

K. Bösiger, B. Lussi,R. Maier , M. Schaf fner, S.Scherr (since Apr il 2005),
P. Treier (retired September 2005), O. Fardin (a pprentice since August 2005) and
R. Reichen (a pprentice)

The mechanical workshop of the institute is equipped with al large var iety of special tool-
ing and machines needed to solve all kinds of mechanical tasks in relation with the re-
search projects of the different groups at the institute. It contr ibutes also to the education
of young people which is clear ly of vital impor tance. Presently tw o a pprentices are being
educated and in addition the workshop gives
the basic cour ses in mechanical treatment, such
as dr illing, milling, welding, etc. for the students
in ph ysics. These cour ses were accomplished in
autumn 2005 and in spring 2006. Four cour ses
with 35 working hour s each were organized. Also
in this repor ting per iode a fraction of the activi-
ties was de voted to special designs , modi�cations
and small series for other institutes of the univer-
sity and outside companies . These tasks provide
also some income to the workshop. The workshop
maintains in addition the metal and technical
mater ial supply store, which was ag ain used by
more than 30 institutes 8. The moder n infrastruc-
ture of the workshop was ag ain complemented
with a new moder n mill. The machine was deliv-
ered in December 2005 and installed in Januar y
2006. It combines the �exibility of a moder n uni-
versal milling machine with the perf ormance po-
tential of a vertical machining centre. The ma-
chine achie ves maxim um productivity and �exibil-
ity with such inno vativ e features as a linear dr ive in
the X-axis and a tool mag azine with double gr ip-
per . The NC-rotar y ta ble with a large swivel-range
per mits machining angles of up to -18 degrees .
Ca pa bilities ranging from 5-sided machining with
5-axis positioning to 5-axis simultaneous contour
machining expand the spectr um of a pplications .
Thismeans bundled perf ormance, both for com-
plete machining of single workpieces and for se-
rial production with high precision and �exibility .

After the training cour ses in oper ating the ma-
chine for the member s of the workshop and the
ada ptation of the CAD Software we will be pre-
pared to produce also more complex mechani-
cal par ts in the in-house. A selection of projects is
listed and illustrated belo w:

Figure 13.1:
Thenew mill installed in the workshop.

Figure 13.2:
TheNC-rotary table of the new mill.

1For a catalogue see http://www .ph ysik.unizh.ch/gr oups/w erkstatt/dienstleistung.html
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- LHCbinner trackingdetector
Group Straumann,Sec. 7
Different prototype par ts
for tests were manuf ac-
tured. The production of
the �nal detector s and
the suppor t structures
started and is an ongoing
main job. The pictures
show single par ts dur ing
the production and the
completed frames for the
electr onic rac ks and the
detector frame.

- SolidStatePhysics
GroupsKeller, Sec. 9 and Schilling, Sec. 10
For these groups we designed and con-
structed different specimen holder s. The
picture on the right shows one complete
workpiece.

- SurfacePhysics
Group Osterwalder, Sec. 11
Here the main focus was maintenance
and repair work. We also built a series of
Borazon cooler units which are shown in
the �gures to the right and belo w.

13. MECHANICAL WORKSHOP
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- CMSpixel detector
Group Amsler, Sec. 8
All the necessar y tooling and the par ts for the detec-
tor suppor t structure were manuf actured. The pictures
were tak en dur ing the production of the different par ts.

- H1Experimentat DESY
GroupsStraumannand Truöl, Sec. 5
In November and December 2005 we were involved in the repair of the H1 Detector at
DESYin Hambur g. We par tly had to replace the front end electr onics of a detector which
was built at our institute.

- Physicsof BiologicalSystems
Group Fink,Sec. 12
Different mechanical infrastructure was manuf actured and some test setups were built.
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14 ElectronicsWorkshop

W. Fässler, Hp. Me yer, P. Soland and K. Szeker

In the repor ting per iod a lot of repair and maintenance work was done for the different re-
search groups at the institute. Almost all components of an ESRspectr ometer had to be
�xed. Triggered by a dam aged po wer supply the whole electr onic chain was �nally af-
fected and several de vices had to be replaced. In this par ticular case it was very dif �cult to
�nd supplier s for some older components . Despite of this we de veloped and built dif ferent
components used in the labor ator ies at the ph ysics institute, for other institutes of the univer-
sity and for exper iments at outside labs where member s from our institute do there research
work. For the demonstr ation exper iments in the lecturer halls ag ain different de vices and
exper imental setups were impr oved and supplemented in colla bor ation with L. Pauli and
J. Seiler, who are responsible for the prepar ation of the exper iments . Different seminar s and
cour seswere attended to keep trac k of the latest de velopments . The main focus was on the
a pplication of micr o contr oller s and the lead-free solder ing process . In the future all assem-
blies will be produced with lead-free components and lead-free allo ys used for the solder ing
so we acquainted ourselves with this technology . The electr onic workshop maintains also a
small supply store with the most necessar y items , which we upgr ade and ada pt continu-
ously. In this per iod we rene wed and uni�ed the ca ble stoc k. We supplemented also the
electr onic equipment in the labor ator y with a moder n spectr um analyzer . It is an extremely
lightw eight and compact spectr um analyzer that is ideal for a large number of a pplications
in de velopment, service and production. Despite its compact size, it offers a wealth of func-
tions. The instrument features a trac king gener ator up to 3 GHz and can demodulate signals
with a bandwidth of 20 MHz. The main functions of the spectr um analyzer are directly ac-
cessible by �xed-assignment function keys, with additional functions accessed using softkeys
and ta bles . Thisshortens the lear ning cur ve for new users as well as for users who oper ate
the instrument only rarely. The spectr um analyzer is ideal for fast, easy measurements dur ing
production.

In colla bor ation with member s of the institute of ph ysiology (Research group Prof. N.G.
Greef) we de veloped and built the contr ol electr onics for an optical shutter (Fig. 14.1) which
is used in a �uorescence micr oscope with laser illumination. To investigate the oper ation
of ion channels the y detect the �uorescence light of a �uor ophore, a component of a
molecule which causes a molecule to be �uo-
rescent with a CCD camer a. These �uor ophores
suffer dam ages from the intense illumination.
To minimise the exposure time the shutter inter-
rupts the laser beam synchronized to the cam-
era contr ol and hence maximises the lifetime of
the �uor ophore. Ion channels are membr ane
proteins , found in virtually all cells , that are of
cr ucial ph ysiological impor tance.

We also suppor ted a group of high school
students from the Kantonsschule Wettingen in
perf orming their “Matur itätsarbeit”, which is re-
quired as a par t of the exam the y hav e to pass.
With the help of Kurt Bösiger, Peter Robm ann
and Stefan Steiner the y constr ucted, built and
progr ammed a robot which can make draw-
ings on a standard blac kboard used in class

Figure 14.1: Shuttercontrol electronicsfor the
�uor escencemicroscope.

14. ELECTRONICSWORKSHOP
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Figure 14.2:
The“Ghostwriter” on the blackboard.

Figure 14.3: Duplexerbuilt for the SCOPES
NMR-spectrometers.

Figure 14.4: Controller card simulator.

rooms . To start with the project a tiny mobile
robot de veloped for educational pur poses by
DLR,the ger man aer ospace centre was used and
ada pted to the corresponding needs . The de vice
is very �exible and completely progr amm a ble in
C. Except for the pr inted circuit boards only stan-
dard par ts are utilized and free ware tools can
be used for progr amming. Therefore it is excep-
tionally suitable as an introduction into processor-
contr olled electr onics , for projects in schools and
universities. Special tools , which are free ware for
pr ivate users, hav e been used for all electr onic
de velopment phases and softw are design, prov-
ing that robots can be designed without expen-
sive tools or machines . The robot isequipped with
a RISC-processor and an IR-Interface for progr am-
ming and remote contr olling by a PC (Fig. 14.2).

A selection of projects for the different groups is
listed belo w:

- Physicsof BiologicalSystems(Group Fink,Sec. 12)
A high voltage heating po wer supply trans-
former was modi�ed and impr oved. The maxi-
mum voltage rating was increased from 3.5 kV
to 4.5 kV.

- Superconductivity and Magnetism (Group Keller,
Sec. 9)
Several spectr ometer s, like the already men-
tioned ESR spectr ometer , had to be re-
paired. Additional de vices for the SCOPES
NMR spectr ometer were designed and built
(Fig.14.3).

- Particle Physicsat DESY/HERA(H1)(Group Straumann
and Truöl, Sec. 5)
The workshop was ag ain involved in the repair
and maintenance of the CIP readout elec-
tronics for the H1 exper iment at DESYin Ham-
burg.

- High-precision CP-violation Physicsat LHCb(Group
Straumann,Sec. 7)
Several new layouts of pr inted circuit boards
were made and existing ones were ada pted.
A contr ol card simulator board with a built
on micr o-contr oller was de veloped and built.
(Fig. 14.4).
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15 Publications

15.1 Research group of Prof. C. Amsler

Artic les

- Finalresultson the neutrino magneticmomentfrom the MUNUexperiment
Z.Daraktchie va et al. (MUNU Colla bor ation), Phys. Lett. B 615 (2005) 153.

- Vertex reconstructionin CMS
E.Cha banat et al., Nucl. Instr. Meth. in Phys. Research A 549 (2005) 188.

- Theeffect of highly ionising particleson the CMSsilicon strip tracker
W. Adam et al., Nucl. Instr. Meth. in Phys. Research A 543 (2005) 463.

- Simulationof HeavilyIrradiated SiliconPixelSensors and ComparisonWith Test BeamMeasurements
V. Chiochia et al., IEEETrans. Nucl. Sci. 52 (2005) 1067.

- Fluencedependenceof charge collection of irradiated pixel sensors
T. Rohe et al., Nucl. Instr. Meth. in Phys. Research A 552 (2005) 232.

- Resultsfrom Athena
A. Rotondi et al. (ATHENAColla bor ation), AIP Conf erence Proceedings 796 (2005) 285.

- Cold- Antimatter Physics
M. Amoretti et al. (ATHENAColla bor ation), XLIIIInt. Meeting on Nuclear Physics, Bormio,
2005, Ric. Sci. 124 (2005) 25, prep. hep-ex/0503034.

- Detectionof AntihydrogenAnnihilationswith a Si-Micro-Strip andpure CsIDetector
I. Johnson et al. (ATHENAColla bor ation), Proc. of the 8th ICATPPConf . on Astropar ti-
cle, Par ticle, Space Physics, Detector s and Medical Physics Applications , World Scienti�c
(2004) 473, prep. ph ysics/0401034.

- ATHENA- First Production of ColdAntihydrogenandBeyond
A. Kellerbauer et al. (ATHENA Colla bor ation), Proc. of the Third Meeting on CPT and
Lorentz Symmetr y, Bloomington, USA,World Scienti�c (2005) 38, prep. hep-ex/0409045.

- Production of ColdAntihydrogenwith ATHENAfor FundamentalStudies
A. Kellerbauer et al. (ATHENAColla bor ation), Proc. of the XXXIXthRencontres de Mor iond
2004, Gioi Publishers (Hanoi, Ed. J. Tran Thanh Van 2005) 385, prep. hep-ex/0406074.

- A Gaussian-sum�lter for vertex reconstruction
T. Speer and R. Frühwir th, Proc. of the 2004 Conf . for Computing in High-Energy and
Nuclear Physics (CHEP 04), Inter laken, 2004, CERNYellow Repor t 2005-002.

- A kinematic �t and a decaychainreconstructionlibrary
K. Proko�e v and T. Speer, Proc. of the 2004 Conf . for Computing in High-Energy and
Nuclear Physics (CHEP 04), Inter laken, 2004, CERNYellow Repor t 2005-002.

- Designand performanceof the CMSPixelDetectorBarrel Modules
C. Hörmann, Proc. 11 Workshop on Electronics for LHC and future Experiments , Heidel-
ber g, CERN-LHCC 2005-038 (2005).

15. PUBLICATIONS
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PhD thesis

- Studyof the B 0
s ! (J = ) � ! � + � � K + K � Decaywith the CMSDetectorat LHC

K. Proko�e v, PhD Thesis, Universität Zürich, 2005.

Artic les in press

- Studyof K �K resonancesin �pp ! K + K � � 0 at 900 and1640MeV/c
C. Amsler et al. (CRYSTAL BARRELColla bor ation), Phys. Lett. B.

- CMSPhysicstechnicaldesignreport volumeI : Software and detector performance
E.Alag öz et al., CMS - TDR- 08, CERN-LHCC-2006-001.

- A Gaussiansum- Filter for the Vertex Reconstruction
T. Speer and R. Frühwir th, Comp. Phys. Comm.

- A double junction model of irradiated silicon pixel sensors for LHC
V. Chiochia et al., Proc. 10th Eur. Symp. on Semiconductor Detector s: New Develop-
ments in Radiation Detector s, Wildbad Kreuth, Ger man y, 2005, Prep. ph ysics/0506228,
Nucl. Instr. Meth. in Phys. Research A.

- Track reconstructionat the CMSexperiment
T. Speer et al., Proc. of the X Int. Workshop on Adv anced Computing and Analysis Tech-
niques in Physics Research (ACAT05), DESYZeuthen, Ger man y, 2005, Nucl. Instr. Meth. in
Phys. Research A.

- Simulationand hit reconstructionof irradiated pixel sensors for the CMSexperiment
E. Alag öz, V. Chiochia, M. Swar tz, Proc. of the Workshop on Trac king in High Multiplicity
Environments (TIME2005), Zurich, Prep. ph ysics/0512027,
Nucl. Instr. Meth. in Phys. Research A.

- Sensorsimulation and position calibration for the CMSpixel detector
V. Chiochia, Proc. of Vertex 2005 - 14th Int. Workshop on Vertex detector s, Chuzenji Lake,
Nikko, Ja pan, 2005, Prep. ph ysics/0603192, Nucl. Instr. Meth. in Phys. Research A.

- Extraction of electric �eld in heavily irradiated silicon pixel sensors
A. Dorokho v et al., Proc. Vertex 2004 Conf ., Como, 2004, Prep. ph ysics/0412036, Nucl.
Instr. Meth. in Phys. Research A.

- Studyof the B s ! J = � Channelwith CMS
V. Ciulli et al., Proc. of the X Int. Conf . on B - Physics at Hadr on Machines , Assisi,Italy, 2005,
Nucl. Phys. B.

- RobustVertex Fitters
T. Speer et al., Proc. of the Workshop on Trac king in High Multiplicity Environments (TIME
2005), Zurich, Nucl. Instr. Meth. in Phys. Research A.

- Observation,modeling and temperature dependenceof doubly peaked electric �elds in irradiated
silicon pixel sensors
M. Swar tz et al., Proc. at the Pixel 2005 Conf ., Bonn, 2005, Prep. ph ysics/0510040,
Nucl. Instr. Meth. in Phys. Research A.
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- TheControl and ReadoutSystemsof the CMSPixelBarrel Detector
D. Kotlinski et al., Proc. at the Pixel 2005 Conf ., Bonn, 2005,
Nucl. Instr. Meth. in Phys. Research A.

- Assemblyof the CMSPixelBarrel Modules
S.König et al., Proc. at the Pixel 2005 Conf ., Bonn, 2005,
Nucl. Instr. Meth. in Phys. Research A.

- Designand Performanceof the CMSPixelDetectorReadoutChip
H. Chr. Kästli et al., Proc. at the Pixel 2005 Conf ., Bonn, 2005,
Nucl. Instr. Meth. in Phys. Research A.

- Progresswith ColdAntihydrogen
M. Amoretti et al. (ATHENAColla bor ation), Proc. of XIII Int. Workshop on Positron and
Positronium Physics (P0S05),Nucl. Instr. Meth. in Phys. Research B.

Invited lectures

- E.Alag öz: Hit reconstructionat CMSfrom irradiated silicon pixels
Contr ibuted pa per , Jahrestagung der SPG, Lausanne, 14 Febr uar y 2006.

- Y. Allkof er: Thelifetime measurementof � � K � atomswith DIRAC
Seminar, Budker Institute of Nuclear Physics, Novosibirsk, 14 September 2005.

- Y. Allkof er: Large area �Cerenkov counter for kaon - proton separation between4 and 8 GeV/c
Contr ibuted pa per , Jahrestagung der SPG, Lausanne, 14 Febr uar y 2006.

- C. Amsler: K � atomswith DIRAC
Contr ibuted talk, CHIPPplenar y meeting, Paul Scherrer Institute, 28 September 2005.

- C. Amsler: Reportof NuPECCactivities
Invited talk, CHIPPplenar y meeting, Paul Scherrer Institute, 28 September 2005.

- V. Chiochia: Charge collection in irradiated pixel sensors : beamtest measurementsand simulation
Invited talk, ESSD- 10th Eur. Symp. on semiconductor detector s, Wildbald, Kreuth, Ger-
man y, 12 June 2005.

- V. Chiochia: Thecompactmuonsolenoid: Statusof preparation
Invited talk, CHIPPplenar y meeting, Paul Scherrer Institute, 28 September 2005.

- V. Chiochia: Charge collection in irradiated pixel sensors : beamtest and simulation
Invited talk, Workshop on Trac king in High Multiplicity Environments (TIME05), Zurich, 7 Oc-
tober 2005.

- V. Chiochia: CMSpixel simulation
14th Int. Workshop on Vertex Detector s (VERTEX2005), Nikko, Ja pan, 9 November 2005.

- V. Chiochia: Silicontrackingdetectors for the LHCexperiments
Seminar, DESY- Hambur g, 7 Mar ch 2006.

- V. Chiochia: Silicontrackingdetectors for the LHCexperiments
Seminar, DESY- Zeuthen, 8 Mar ch 2006.

15. PUBLICATIONS
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- C. Hörmann: Performanceof CMSpixel detector barrel modules
Invited talk,11th Workshop on Electronics for LHC and Future Experiments , Heidelber g,
15 September 2005.

- K. Proko�e v: Studyof the B s ! J = � Channelwith CMS
Invited talk to the X Int. Conf . on B-Physics at Hadr on Machines , Assisi,22 June 2005.

- T. Speer: Track reconstructionin the CMStracker
Invited talk to the X Inter national Workshop on Adv anced Computing and Analysis Tech-
niques in Physics Research, Berlin, Ger man y, 25 May 2005.

- T. Speer: Adaptative �lter and gaussiansum�lter for vertex reconstruction
Invited talk, Workshop on Trac king in High Multiplicity Environments (TIME05), Zurich, 5 Oc-
tober 2005.

- T. Speer: Search for the decayB s to � + � � at CMS
Invited talk, Workshop Flavour in the Era of the LHC, CERN,9 November 2005.

- L. Wilke: Extracting �� in the B s systemfrom angulardistributions of the B s ! J = � decaywith
the CMSdetector
Contr ibuted talk, DPG - Tagung, Dor tm und, 28 Mar ch 2006.

ATHENACollaboration:

M. Amoretti, C. Amsler, G. Bonomi, P. Bowe, C. Canali, C. Carraro, C. L. Cesar, M. Char lton,
M. Doser, A. Fontana, M. C. Fujiwara,R. Funakoshi, P. Geno va, J. S. Hangst, R. S. Hayano,
A. Kellerbauer , L.V. Joergensen, I. Johnson, V. Lagom arsino, R.Landua, E.Lodi Rizzini,M. Macr i,
N. Madsen, G. Manuzio, D. Mitchard, P. Montagna, H. Pruys, C. Regenfus , J. Rochet, A. Ro-
tondi, G. Testera, A. Var iola, D. P. van der Werf, Y. Yam azaki, N. Zurlo

MUNU Collaboration :

C. Amsler, M. Avenier , C. Broggini, J. Busto, C. Cer na, Z. Daraktchie va, F. Juget, D.H. Koang,
J. Lamblin, D. Lebrun, O. Link, G. Puglier in, A. Stutz, A. Tadsen, J.-L. Vuilleumier , V. Zacek

CRYSTAL BARRELCollaboration :

C. Amsler, C. A. Baker, B. M. Barnett, C. J. Batty, M. Benay oun, P. Blüm, K. Braune, V. Cred é,
K. M. Crowe, M. Doser, W. Dünnw eber , D. Engelhardt, M.A. Faessler, R. P. Haddoc k,
F. H. Heinsius, N. P. Hessey, P. Hidas, D. Jamnik, H. Kalino wsky, P. Kammel, J. Kisiel,E. Klempt,
H. Koch, M. Kunze, U. Kurilla, R.Landua, H. Matth äy, C. A. Me yer, F. Me yer-Wildhagen, R.Ouared,
K. Peter s, B. Pick, M. Ratajczak, C. Regenfus , U. Strohbusch, M. Suffert, U. Thoma, I. Uman,
S.Wallis-Plachner , D. Walther , U. Wiedner , B. S.Zou, �C. Zupan �ci �c

DIRAC Collaboration :

B. Ade va, L. Afanas'e v, Y. Allkof er, C. Amsler, D. Bartos, A. Benelli, V. Brekhovskikh,
A. Car agheor gheopol, T. Cechak, M. Chiba, S.Constantinescu, C.O . Curceanu, C. Detraz,
D. Dreossi, D. Drijard, A. Dudare v, I. Evangelou, J. L. Fungueir ino Pazos, J. Ger ndt,
P. Gianotti, G. Giolu, O. Gorchako v, K. Gritsay, C. Guar aldo, M. Hansroul, S.Horikaw a,
M. Iliescu, V. Karpukhin, J. Kluson, M. Kobay ashi, P. Kokkas , V. Kom arov, L. Kruglo va,
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V. Kruglo v, A. Kulikov, A. Kuptsov, K. I. Kuroda, A. Lamber to, A. Lanar o, V. Lapchine,
R. Lednic ky, P. Levi Sandr i, L. Lopez Aguer a, V. Lucher ini, N. Manthos , C. Mar inas Pardo,
L. Nemeno v, M. Nikitin, K. Okada, V. Ol' shevskiy, M. Pentia, A. Penzo, M. Plo, T.C. Ponta,
Z. Pustylnik, G.F. Rappazzo, J. Rochet, A. Romero Vidal, J. J. Sabor ido Silva, J. Schacher ,
F. Takeutchi, A. Tarasov, L. Tauscher , F. A. Triantis , T. Trojek, S. Trusov, J. Smolik, S. Sugimoto,
A. Ryazantse v, V. Rykalin, O. Vazquez Doce, T. Vrba, V. Yaz'ko v, M. Zhabitskiy, P. Zrelov

15.2 Research group of Prof. H.-W. Fink

Artic les

- Time-resolvedspectroscopic�uor escenceimaging, transientabsorption and vibrational spectroscopy
of intact and photo-inhibited photosynthetictissue
P.B. Lukins, S.Rehman, G.B. Stevens, D. Geor ge, Luminescence, 20 (2005), p. 143-151.

- Synthesisand Characterizationof PbSeNanocrystalAssemblies
M. Bashouti, A. Sashchiuk, L. Amirav, S. Berger , M. Eisen, M. Krueger , U. Sivan, E. Lifshitzin,
in Nanopar ticle Assemblies and Superstructures (Ed. N. Koto v), CRC PressTaylor Francis
Group, 2005, p. 207-224.

- AxisymmetricLiquid HangingDrops
E.Meister and T. Yu. Latyche vskaia, Journal of Chemical Education 83(1), 2006, p.117-126.

- Resorcin[4]areneCavitand-BasedMolecularSwitches
V.A. Azov, A. Beeb y, M. Cacciar ini, A. G. Cheetham, F. Dieder ich, M. Frei, J. K. Gimze wski,
V. Gramlich, B. Hecht, B. Jaun, T. Latyche vskaia, A. Lieb, Y. Lill,F. Mar otti, A. Schlegel, R. R.
Schlittler, P. J. Skinner, P. Seiler, Y. Yam akoshi, Adv anced Functional Mater ials 16(2), 2006, p.
147-156.

- A QuantumMechanicalSchemeto reduceRadiationDamagein Electron Microscopy
H. Okamoto, T. Latyche vskaia and H.-W. Fink, Appl. Phys. Lett. 88, 164103 (2006).

- A CryogenicLow Energy Electron Point SourceMicroscope
H. Okamoto and H.-W. Fink, Rev. Sci. Instrum. 77, 043714 (2006).

Diploma thesis

- Erste Festkörper-Elektrolyt-Ionenquelle
Sandra Thomann, Diplom arbeit, Universität Zürich, 2005.
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Conference repor ts

- Energeticsof SingleDNAMolecules
H.-W. Fink and C. Escher, Extended Abstract, Proceedings of the Symposium on Surface
Science, O41, Les Arcs France, 2005.

- VacuumIon Emissionfrom SolidElectrolytes
C. Escher, SwissPhysical Society Meeting, EPFLausanne, 13.2.06.

- Electron Holographyof Individual FilamentousPhage(Poster)
G.B. Stevens, M. Krüger , T. Latysche vskaia, A. Plüc kthun, H.-W. Fink, SwissPhysical Society
Meeting, EPFLausanne, 13-14.2.06.

15.3 Research group of Prof. H.Keller

Artic les

- Essentialheterogeneitiesin hole-dopedcuprate superconductors
K.A. Müller, in Structure and Bonding Vol. 114, 1-11 (2005), A. Bussmann-Holder and K.A. Müller,
eds ., Springer -Verlag Berlin Heidelber g (2005).

- Unconventionalisotope effects in cuprate superconductors
H. Keller, in Structure and Bonding Vol. 114, 143-169 (2005), A. Bussmann-Holder and
K.A. Müller, eds ., Springer -Verlag Berlin Heidelber g (2005).

- Evidencesfor polaron formation in cuprates
A. Bussmann-Holder , H. Keller, and K.A. Müller, in Structure and Bonding Vol. 114, 365-
384 (2005), A. Bussmann-Holder and K.A. Müller, eds ., Springer -Verlag Berlin Heidelber g
(2005).

- Polaron formation asorigin of unconventionalisotope effects in cuprate superconductors
A. Bussmann-Holder and H. Keller, Eur. Phys. J. B 44, 487-429 (2005).

- Unconventionalisotope effects asevidencefor polaron formation in cuprates
A. Bussmann-Holder , H. Keller, A.R. Bishop, A. Simon, R. Micnas , and K.A. Müller, Euro-
ph ys. Lett. 72, 423-429 (2005).

- Magnetic freezeoutof electrons into muoniumatomsin GaAs
V.G. Storchak, D.G. Eshchenko, J.H. Brewer, B.Hitti, R.L.Lichti, and B.A. Aronzon, Phys. Rev. B
71, 113202-1-4 (2005).

- Cleananddirty superconductivity in pure, Al-doped,andneutron irradiatedMgB2 : A far-infraredstudy
M. Ortolani, D. Di Castro, P. Postor ino, I. Pallecchi, M. Monni, M. Putti, and P. Dore, Phys. Rev. B
71, 172508-1-4 (2005).

- Automatedoperation of a homemadetorque magnetometerusingLabVIEW
S.Kohout, J. Roos, and H. Keller, Meas . Sci. Technol. 16, 2240-2246 (2005).
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- Anisotropy of the antiferromagneticspincorrelations in the superconductingstate of YBa2Cu3O7 and
YBa2Cu4O8

A. Uldry, M. Mali, J. Roos and P.F. Meier , J. Phys.: Condens . Matter 17, L499-L505(2005).

- Pressure effect on the in-planemagneticpenetration depth in YBa2Cu4O8

R. Khasano v, J. Karpinski, and H. Keller, J. Phys.: Condens . Matter 17, 2453 - 2460 (2005).

- Pressure effects on the superconductingproperties of YBa2Cu4O8

R. Khasano v, T. Schneider , and H. Keller, Phys. Rev. B 72, 014524-1-4 (2005).

- Observationof nonexponentialmagneticpenetration pro�les in the Meissnerstate - A manifestation
of nonlocaleffects in superconductors
A. Suter, E. Morenzoni, N. Gar i�ano v, R. Khasano v, E. Kirk, H. Luetkens, T. Prokscha, and
M. Horisberger , Phys. Rev. B 72, 024506-1-12 (2005).

- Pressure effect on the magneticpenetration depth in MgB2

D. Di Castro, R.Khasano v, C. Grimaldi, J. Karpinski, S.M. Kazako v, and H. Keller, Phys. Rev. B
72, 094504-1-5 (2005).

- Pressure and isotope effect on the anisotropy of MgB2

T. Schneider and D. Di Castro, Phys. Rev. B 72, 054501-1-4 (2005).

- Magneticpenetration depth in RbOs2O6 studied by muonspin rotation
R. Khasano v, D.G. Eshchenko, D.Di Castro, A. Shengelay a, F. La Mattina, A. Maisuradze,
C. Baines, H. Luetkens, J. Karpinski, S.M. Kazako v, and H. Keller, Phys. Rev. B 72, 104504-1-7
(2005).

- Surfacedynamicsof a thin polystyrene�lm probed by low energy muons
F.L. Pratt, T. Lancaster , M.L. Brooks, S.L. Blundell, T. Prokscha, E. Morenzoni, A. Suter,
H. Luetkens, R. Khasano v, K. Shinotsuka, and H.E. Assender , Phys. Rev. B 72, 121401-1-4
(2005).

- Anomalouselectron-phononcouplingprobed on the surfaceof ZrB12 superconductor
R. Khasano v, D. Di Castro, M. Belogolo vskii, Yu. Pader no, V. Filippo v, R. Bruetsch, and
H. Keller, Phys. Rev. B 72, 224509-1-4 (2005).

- Coexistenceand couplingof superconductivity andmagnetismin thin �lm structures
A.J. Drew, S.L. Lee, D. Char lambous , A. Potenza, C. Marrows, H. Luetkens, A. Suter,
T. Prokscha, R. Khasano v, E. Morenzoni, D. Ucko, and E.M. Forgan, Phys. Rev. Lett. 95,
197201-1-4 (2005).

- Muon-spin-rotation measurements of the penetration depth of the in�nite-layer electron-doped
Sr0:9La0:1CuO2 cuprate superconductor
A. Shengelay a, R. Khasano v, D.G. Eshchenko, D. Di Castro, I.M. Savić, M.S. Park, K.H. Kim,
Sung-Ik Lee, K.A. Müller, and H. Keller, Phys. Rev. Lett. 94, 127001-1-4 (2005).

- ThinFilm,Near-SurfaceandMulti-LayerInvestigationsby Low-Energy � + SR
T. Prokscha, E. Morenzoni, A. Suter, R. Khasano v, H. Luetkens, D. Eshchenko, N. Gar i�ano v,
E. M. Forgan, H. Keller, J. Litterst, C. Nieder mayer, and G. Nieuw enhuis , Hyper�ne Interac-
tions DOI 10.1007/s10751-005 -9104-5, 1-8 (2005).

- Microscopicphaseseparation andtwo type of quasiparticlesin lightly dopedLa2� x Srx CuO4 observed
by electron paramagneticresonance
A. Shengelay a, M. Bruun, B.I.Kochelae v, A. Sa�na, K.Conder , and K.A. Müller, in Symmetr y
and Heter ogeneity in High Temper ature Superconductor s, ed. A. Bianconi (Spinger , 2006)
(pp. 105-116).
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- Thesearch for new high temperature superconductors
K.A. Müller, Supercond. Sci. Technol. 19, S1-S3(2006).

Conference repor ts

- Insulator to metal transition and resistivememoryeffect in perovskitesinducedby electric �eld.
F. La Mattina, A. Shengelay a, J.G. Bednorz, and H. Keller, Annual meeting of the Swiss
Physical Society , Bern, 14-15 July, 2005.

- OxygenIsotopeeffect on electronic phaseseparation in lightly-doped La2� x Sr x C uO 4

A. Maisuradze, A. Shengelay a, K. Conder , H. Keller, K. A. Müller, Annual meeting of the
SwissPhysical Society , Bern, 14-15 July, 2005.

- Search for orbital current effects in cupratesby 89 Y NMR
S.Strässle, M. Mali, J. Roos, J. Karpinski, and H. Keller, Annual meeting of the SwissPhysical
Society , Bern, 14-15 July, 2005.

- Insulator to metal transition and resistivememoryeffect in Cr-dopedSrTiO3 inducedby electric �eld.
F. La Mattina, A. Shengelay a, J.G. Bednorz, H. Keller, SwissWorkshop on Mater ials with
Novel Electronic Proper ties, Les Dia blerets , 26-28 September , 2005.

- EPRstudy of the spin-lattice relaxation of Yb3+ -dopedY B a2C u 3O7� x

A. Maisuradze, A. Shengelay a, K. Pomjakushina, K. Conder , K. A. Müller and H. Keller, Swiss
Workshop on Mater ials with Novel Electronic Proper ties,Les Dia blerets , 26-28 September ,
2005.

- Orbital current effects in cuprates: A 89 Y NMRstudy
S. Strässle, M. Mali, J. Roos, J. Karpinski, and H. Keller, SwissWorkshop on Mater ials with
Novel Electronic Proper ties, Les Dia blerets , 26-28 September , 2005.

- Orbital current effects in cuprates: A 89 Y NMRstudy in Y2Ba4Cu7O15

J. Roos, S.Strässle, M. Mali, T. Ohno, and H. Keller, Inter national ICAM Workshop NMR/EPR
of Correlated Electron Superconductor s, 15-21 October , 2005.

- NMRinvestigation of the vortex-lattice melting in YBa2Cu3O7

S.Strässle, J. Roos, M. Mali, A. Schilling, and H. Keller, Annual meeting of the SwissPhysical
Society , Lausanne, 13-14 Febr uar y, 2006.

- EPRstudy of the spin-lattice relaxation of Yb3+ -dopedY B a2C u 3O7� x

A. Maisuradze, A. Shengelay a, K. Pomjakushina, K. Conder , K. A. Müller and H. Keller,
Annual meeting of the SwissPhysical Society , Lausanne, 13-14 Febr uar y, 2006.

- Effect of Cr doping on the voltage-inducedinsulator-to-metal transition and resistive memory be-
haviourof SrTiO3

F. La Mattina, A. Shengelay a, J.G. Bednorz, and H. Keller, Annual meeting of the Swiss
Physical Society , Lausanne, 13-14 Febr uar y, 2006.

Invited lectures/talks

- D.G. Eshchenko: Muon spin rotation studiesof novel diluted magneticsemiconductors
SwissWorkshop on Mater ials with Novel Electronic Proper ties, LesDia blerets , 26-28 Septem-
ber , 2005.
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- H. Keller: Luft und Wasser
Kinder universität, Universität Zürich, Zürich, Switzerland, June 8, 2005.

- H. Keller: Unconventionalisotope effects in cuprate high-temperature superconductors - what canwe
learn from them?
Second Joint Taiw anese-Swiss Workshop on Nanotechnology: towards novel mater ials,
Taipei, Taiw an, June 20-25, 2005.

- H. Keller: Controlling mesoscopicphaseseparation: muon-spinrotation investigations
COMEPHSKick-off Meeting, Athens , Greece, June 30 - July 1, 2005.

- H. Keller: Unconventionalisotope effects in cuprate superconductors - what canwe learn from them?
Conf erence on Electron State and Lattice Effects in Cupr ate High Temper ature Super-
conductor s, AISTTsukuba, Ja pan, October 27-28, 2005.

- H. Keller: Unconventionalisotope effects in high Tc cuprates superconductors - what can we learn
from them?
Max-Planc k Institute for Solid State Research, Stuttg ar t, Ger man y, November 23, 2006.

- R. Khasano v: Studyof the magneticpenetration depth in RbOs2O6

SRUser's Meeting BVRA , PSI,VIlligen, 19-20 Januar y, 2005.

- R. Khasano v: Unconventionalisotope and pressure effects on the magnetic penetration depth in
cuprate superconductors
PSI,Villigen, May 19, 2005.

- R.Khasano v: Unconventionalisotopeeffect on the magneticpenetration depth in cuprate supercon-
ductors
Ames Lab, Iowa State university, USA,December 6, 2005.

- J. Roos: Orbital current effects in cuprates: A 89 Y NMRstudy in Y2Ba4Cu7O15

Inter national ICAM Workshop NMR/EPR of Correlated Electron Superconductor s, Dres-
den, Ger man y, October 15 - 21, 2005.

15.4 Research group of Prof. J. Osterwalder

Artic les

- Growth of Cr-dopedTiO2 �lms in the rutile andanatasestructure by oxygen-plasmaassistedmolecular
beamepitaxy
J. Osterw alder , T. Droubay , T. Kaspar, J. Williams, C. M. Wang, S.A. Chamber s,
Thin Solid Films484, 289-298 (2005).

- Doping-inducedreorientation of C60 moleculeson Ag(111)
A. Tam ai, A. P. Seitsonen, R. Fasel, Z.-X.Shen, J. Osterw alder , T. Greber ,
Phys. Rev. B 72, 085421-1-5 (2005).

- Electron-photonpulsecorrelator basedon space-charge effects in a metal pinhole
A. Dolocan, M. Hengsber ger , H. J. Neff, M. Barry, C. Cirelli, T. Greber , J. Osterw alder , Ja pan.
J. Appl. Phys. 45, 285-291 (2006).

- Chiral recognition of organicmoleculesby atomic kinks on surfaces
T. Greber , Z. Sljivancanin, R. Schillinger , J. Wider , B. Hammer ,
Physical Review Letter s 96, 056103-1-4 (2006).
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Artic les in press

- Singlelayer hexagonalboron nitride �lms on Ni(110)
T. Greber , L. Brandenber ger , M. Cor so, A. Tam ai, J. Osterw alder , e-J. Surf. Sci. Nanotech.

- Spin-polarizedphotoemission
J. Osterw alder , in Magnetism: Synchrotron Radiation Appr oach , E.Beaurepaire, H. Bulou,
F. Scheurer , J.-P. Kappler , eds ., (Springer , Berlin, Heidelber g, New York 2006) 27 p.

Diploma and PhD theses

- Moleculararrangementand electronic propertiesof low-dimensionalC60 systems
Anna Tam ai, Ph. D. Thesis, Physik-Institut, Universität Zürich, 2005.

- Boron nitride and boron nanostructureson the (110)surfaceof molybdenum
Milan Allan, Diplom a Thesis, Physik-Depar tement, ETHZürich, 2006.

Contr ibuted conference presentations

- A study of the spinstructure in the surfacestate of a kinked-vicinalAu(111)surface(Poster)
J. Lobo, 13th European Physical Society Meeting, Bern, 12.7.05.

- Structural and electronic propertiesof C60 chains(Poster)
A. Tam ai, 13th European Physical Society Meeting, Bern, 12.7.05.

- Towards time-resolvedLEEDfrom large moleculeson surfaces
C. Cirelli, SwissPhysical Society Meeting, Bern, 14.7.05.

- Hexagonalboron nitride on Pd(111):formation of Moiré patterns
M. Mor scher, SwissPhysical Society Meeting, Bern, 14.7.05.

- Giant resonancein two-photon-photoemissionspectra from an insulating monolayer
M. Hengsber ger , 13th European Physical Society Meeting, Bern, 14.7.05.

- � -BNon Pd(110):a tunable systemfor self-assemblednanostructures? (Poster)
M. Cor so, 8th Inter national Conf erence on the Structure of Surfaces , München, 18.7.05.

- Time-resolvedlow-energy electron diffr action with pump-probe experiments
A. Dolocan, 8th Inter national Conf erence on the Structure of Surfaces , München, 18.7.05.

- Chiral heterorecognition: cysteineon Au(1711 9) (Poster)
R. Schillinger , 4th PSISummer School on Condensed Matter Research, Zuoz, 14.8.05.

- Rashbaeffect and spin structure of the Shockleysurfacestate on vicinal-kinked Au(111)
J. Lobo, 23rd European Conf erence on Surface Science (ECOSS),Berlin, 5.9.05.

- Unusuallylarge HOMOdispersion in C60 chains
A. Tam ai, 23rd European Conf erence on Surface Science (ECOSS),Berlin, 5.9.05.
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- Conformationrelated changesof molecularionicity: C60 on � -BN/Ni(111)
T. Greber , Conf erence From Molecular Switches to Molecular Motor s, Monte Veritá, As-
cona, 23.9.05.

- Progresson the nanomesh
M. Cor so, 1st EMPA Ph. D. Symposium, EMPA Dübendorf , 20.10.05.

- Two-photon photoemission:an ideal tool for studying lifetimes and excitation dynamics(Poster)
M. Hengsber ger , 1st optETH Meeting, ETHZürich, 28.10.05.

- Magnetisationinducedchangesin the photoemissioncurrent from corannuleneon � -BN/Ni(110)
L. Brandenber ger , SwissPhysical Society Meeting, EPFLausanne, 14.2.06.

- Time-resolvedlow-energy electron scattering
T. Greber , Symposium on Surface Science (3S), St. Chr istoph, Austria, 10.3.06.

- Chiral heterorecognition of organicmoleculesand inorganicsurfaces
T. Greber , APSMar ch Meeting, Baltimore, USA,14.3.06.

- Picosecondreal-time observationof low-energy electron scattering from large moleculeson surfaces
C. Cirelli, APSMar ch Meeting, Baltimore, USA,14.3.06.

- Boron nitride nanostructures: completelayers and nanomeshes
M. Cor so, APSMar ch Meeting, Baltimore, USA,15.3.06.

- Toward direct structure determination of adsorbedmolecules:D and L cysteineon Cu(1711 9)
R. Schillinger , DPG Frühjahr stagung, Dresden, 30.3.06.

Invited lectures

- J. Osterw alder: Spin-resolvedFermi surfacemapping
Inter national Workshop on Strong Correlations and ARPES, Dresden, 4.4.05.

- T. Greber: Formation of boron nitride layers on transition metalswith and without holes
Nanoscience on Surfaces (NSOS)Workshop , Ober gurgl, Austria, 28.4.05.

- J. Osterw alder: Non-trivial orientations of C60 moleculesin fullerenemonolayers
207th Meeting of the Electrochemical Society , Qu ébec, Canada, 19.5.05.

- J. Osterw alder: Von EinsteinsPhotoeffectzur hochau�ösendenFestkörpersonde
Vortrag, Physikalische Gesellschaft Zürich, 2.6.05.

- J. Osterw alder: Nanotemplates:vicinal surfacesand nanostructured boron nitride �lms
Festkörper ph ysik-Seminar, Universität Basel, 13.6.05.

- J. Osterw alder: Nanotemplatesurfaces
2nd Joint Taiw anese-SwissWorkshop on Nanotechnology: Towards Novel Mater ials, Academia
Sinica, Taipei, Taiw an, 20.6.05.

- T. Greber: Hexagonalboron nitride layerson transition metal surfaces:templatesfor building nanos-
tructures
13th Inter national Congress on Thin Films (ICTF)/ 8th Inter national Conf erence on Atom-
ically Contr olled Surfaces , Interfaces and Nanostr uctures (ACSIN), Stockholm, Sweden,
22.6.05.
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- T. Greber: Theconformationmatters: from molecularchainsandswitchesto chiral heterorecognition
Physik-Kolloquium, Universität Bielefeld, 27.6.05.

- T. Greber: X-ray photoelectron diffr action (XPD):probing atom positions and molecularorientations
at surfaces
4th PSISummer School on Condensed Matter Research, Zuoz, 14.8.05.

- T. Greber: Boron nitride layers on metals: a lot for building nanostructures
23rd European Conf erence on Surface Science (ECOSS),Berlin, 5.9.05.

- M. Hengsber ger: Trackingultrafast changesin solid surfaces:electron diffr actionandphotoelectron
spectroscopy
SLSSeminar, PSI,21.9.05.

- T. Greber: Monolayers of hexagonalboron nitride with and without small holes:what are they good
for ?
Abteilungsseminar , EMPA Thun, 13.10.05.

- J. Osterw alder: Spin-polarizedangle-resolvedphotoemission
Workshop on X-ray Spectr oscop y in Magnetic Solids, PSI,18.10.05.

- J. Osterw alder: About photoemissionand electronsin nanostructures
Physikalisches Kolloquium, ETHund Universität Zürich, 2.11.05.

- J. Osterw alder: Photoemissionspectroscopyon nanostructures
Physikalisches Kolloquium, Universität Regensbur g, 28.11.05.

- T. Greber: Molecular conformation and electronic structure: from molecularswitchesto chiral het-
erorecognition
ALSSeminar, Lawrence Berkele y Labor ator y, Berkele y Ca., 30.11.05.

- M. Hengsber ger: Ultrafast dynamicson surfaces:developmentof a time-resolvedstructural probe
Seminar Ober� ächenm agnetism us, Universität Münster, 2.12.05.

- T. Greber: Boron nitride layers on transition metal surfacesand their spontaneousnanostructuring
5th Inter national Conf erence on Atomic-Le vel Char acter isation of New Mater ials and
Devices (ALC), Kona, Haw aii, 5.12.05.

- M. Hengsber ger: Stepping towards real-time observationof molecularmotion on surfaces: time-
resolvedelectron diffr action
Seminar SFBEnergiedissipation an Grenz� ächen , Universität Duisburg-Essen, 10.1.06.

- M. Hengsber ger: Magnetismand angle-resolvedphotoemission
Colloque Magn étisme �a Soleil, Gif sur Yvette, France, 17.1.06.

- J. Osterw alder: Electronic structure of nanostructured surfacesand interfaces
IFFKolloquium, Forschungszentr um Jülich, 20.1.06.

- J. Osterw alder: Nanostructuringof hexagonalboron nitride �lms on transition metal surfaces
Seminar iNANO, University of Aarhus , Denm ark, 16.3.06.
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15.5 Research group of Prof. A. Schilling

Artic les

- Spectral cut-off in the ef�ciency of the resistive state formation causedby absorption of a single-
photon in current-carryingsuperconductingnano-strips
A. Semeno v, A. Engel, H.-W. Hüber s, K. Il'in, M. Siegel The European Phys. Journal B, 47,
(2005) 495-501.

- Noiseof a superconductingphoton detector
A. Semeno v, A. Engel, K. Il'in, M. Siegel, H.-W. Hüber s IEEETransactions on Applied Super-
conductivity , 15, (2005) 518- 521.

Artic les in press

- Superconductingdetector usingmicrowavecurrent-noise
A. Semeno v, H.-W. Hüber s, K. Il'in, M. Siegel, and A. Engel, Supercond. Sci. Technol.

- Electricnoiseand local photon-inducednonequilibriumstatesin a current-carryingnanostructured su-
perconductor
A. Engel, A. Semeno v, H.-W. Hüber s, K. Il'in and M. Siegel, New Frontier s in Superconduc-
tivity Research (B.P. Mar tins, ed.), Nova Science Publishers.

Bachelor thesis

- Messungder Richtungsabhängigkeit der spezi�schenWärmevon YBa2Cu3O7� � : EinIndikator für s�
oder d� Wellen Supraleitung?
Stefan Menzi, Bachelor arbeit, Physik-Institut, Universität Zürich, 2005.

Contr ibuted conference presentations

- Superconductingnanostructures: �uctuations and photon detectors (Poster)
A. Engel, H. Bartolf , A. Schilling, A. Semeno v, H.-W. Hüber s, K. Il'in and M. Siegel, Manep
workshop 2005, Les Dia blerets , Switzerland, 26.-28.9.2005.

- Spectral performanceof a single-photondetector (Poster)
A. Semeno v, A. Engel, H.-W. Hüber s, K. Il'in and M. Siegel, Kryoelektr onische Bauelemente
KRYO2005, Bad Herrenalb, Ger man y, 9.-11.10.2005.

- SuperconductingNanostructuresand SinglePhotonDetectors (Poster)
A. Engel, H. Bartolf , A. Schilling, A. Semeno v, H.-W. Hüber s, K. Il'in and M. Siegel, SPG
Jahrestagung 2006, Lausanne, Switzerland, 13.-14.2.2006.

- Designand realization of a sensitive techniqueto detect resonancephenomenain the range of 250
kHzto 2 MHz(Poster)
R. Dell'Amore, J. Roos and A. Schilling, SPG Jahrestagung 2006, Lausanne, Switzerland,
13.-14.2.2006.
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Invited lectures

- A. Schilling: Materials of Atoms, Matter of Vortices
Anor ganisch-Chemisches Institut der Universität Zürich, 9.12.2005.

- A. Engel: Physicsof SuperconductingThin-FilmNanostructures – Applicationsas Single-PhotonDe-
tector
Manep Project 5 Inter nal Workshop 2006, Neuch âtel, Switzerland, 8.2.2006.

15.6 Research group of Prof. U. Straumann

PhD theses

- Lossesand Depolarizationof Stored UltracoldNeutronson Diamond-like Carbon
Peter Fierlinger , PhD thesis, Universität Zürich, Mar ch 2005.

- An optical readout systemfor the LHCbsilicon tracker
Achim Vollhardt, PhD thesis, Universität Zürich, Mar ch 2005.

- A search for excitedquarkswith the H1detector at HERA
Jan Bec ker, PhD thesis, Universität Zürich, May 2005.

- Search for Rare Decaysof the B s Mesonwith the D0Experiment
Ralf Bernhard, PhD thesis, Universität Zürich, October 2005.

- Large Area SiliconTrackingDetectors with Fast SignalReadoutfor the Large Hadron Collider (LHC)at
CERN
Stephan Köstner, PhD thesis, Universität Zürich and TUWien, October 2005.

Conference contr ibutions and invited seminar s

HERA:

- Prompt Photonsin DIS
Car sten Schmitz, Frühjahr stagung 2006 der Deutschen Physikalischen Gesellschaft e.V. -
Fachv erband Teilchenph ysik, Dor tm und, Deutschland, 28. - 31. Mar ch 2006.

- Singletop production in ep collisionsat HERA
Stefania Xella Hansen, TOP 2006, Inter national workshop on Top Quar k Physics, Jan 12-15,
2006, University of Coimbr a, Portug al.

- Search for leptoquarksand lepton �avor violation at the H1experiment
LinusLindfeld, 13th Inter national Workshop on Deep Inelastic Scatter ing (DIS05), Madison,
Wisconsin, 27 Apr - 1 May 2005.
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B physics:

- Flavor-changingneutral current charmand bottom decaysat the Tevatron
Frank Lehner, Inter national Workshop on Discoveries in Flavour Physics At e+ e� Collider s,
Febr uar y 28 - Mar ch 03, 2006, Frascati, Italy.

- New Resultsfrom Rare B Decaysat Hadron Colliders
Frank Lehner, 20th Inter national Workshop on Weak Interactions and Neutr inos (WIN '05),
June 06-11, 2005, Delphi, Greece.

- HeavyFlavorRare Decaysat DØ
Ralf Bernhard, Frontier s in Contempor ary Physics III,23-28 May 2005, Nashville, USA.

- Search for rare �avor -changingand penguindecaysof the B 0
s mesonwith the DØdetector

Ralf Bernhard, APSSpring Meeting in Tampa, Apr il 16-49, 2005.

exper imental techniques:

- TheLHCbSiliconTracker
D. Volyanskyy, Annual Swiss Physical Society meeting 2006, Feb. 14, 2006, Lausanne,
Switzerland.

- SiliconDetectors for the CMSand LHCbExperiment
T. Sakhelashvili, invited seminar , Institute for High Energy Physics, TbilisiState University, Dec.
21, 2005 and Physic Faculty of TbilisiState University, Jan. 16, 2006

- Heavy�avour tagging at the ILC:where are we?
Stefania Xella, ECFA study on Physics and Detector s for the Inter national Linear Collider:
3rd workshop. Park Hotel Schönbr unn, Nov 14-17, 2005, Vienna, Austria.

- LongLadderPerformance
O. Steinkamp, 14th Inter national Workshop on Vertex Detector s, Chuzenji Lake, Nikko,
Ja pan, November 7-11, 2005.

- TheStatusof the LHCbSiliconTracker
Frank Lehner, 9th ICATPPConf erence on Astropar ticle, Par ticle, Space Physics, Detector s
and Medical Physics Applications , October 14-17, 2005, Como, Italy.

- HybridDesign,Procurement andTesting for the LHCbSiliconTracker
Frank Lehner, 11th Workshop on Electronics for LHC and future Experiments , September
12-16, 2005, Heidelber g, Ger man y.

- Production of the LHCbSiliconTracker ReadoutElectronics
Achim Vollhardt, 11th Workshop on Electronics for LHC and future Experiments , 12.-16.
September 2005, Heidelber g, Ger man y.

- A radiation tolerant �br e optic readout systemfor the LHCbSiliconTracker
Achim Vollhardt, 10th European Symposium on Semiconductor Detector s, 12.-16. Juni
2005, Wildbad Kreuth, Ger man y.

- Statusand prospectsof the LHCbexperiment
U. Straum ann, Seminar at Gene va University, 13. Apr il 2005.

- Diamond-Like Carbonfor UltracoldNeutrons
P. Fierlinger et al., PANIC05, Santa Fe, NM, USA,Oktober 2005.
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- Deuteriumfor UltracoldNeutron Sources
P. Fierlinger et al., PANIC05, Santa Fe, NM, USA,Oktober 2005.

- Diamond-like carboncoatingsfor UltracoldNeutron applications
S.Heule et al., Diamond 2005, Toulouse, France, 16.-21. September 2005.

- Diamond-like carbonfor UltracoldNeutron applications'
S.Heule et al., Annual Meeting of the SwissPhysics Society SPG, Bern, 14. July 2005.

- Lossand DepolarisationStudiesof UltracoldNeutronson DiamondSurfaces
P. Fierlinger , et al., Annual Meeting of the SwissPhysics Society SPG, Bern, 14. July 2005.

- Lossand DepolarizationStudiesof Ultra-coldNeutrons
P. Fierlinger , et al., Frühjahr stagung der DPG, FV Hadr onen und Kerne, Berlin, Mar ch 2005.

- Diamond-like carbonfor UltracoldNeutron applications
S.Heule, et al., Frühjahr stagung der DPG, FV Hadr onen und Kerne, Berlin, Mar ch 2005.

- Measurementof the LossandDepolarizationProbability of UCNon BerylliumandDiamondLikeCarbon
Films
P. Fierlinger , S.Heule, U. Straum ann et al., Int. Conf . on Precision Measurements with Slow
Neutr ons, NIST, USA,2004, J. Res. Natl. Inst. Stand. Technol. 110 (2005) 279.

- MagneticFieldStabilizationfor MagneticallyShieldedVolumesby ExternalFieldCoils
P. Fierlinger et al., Int. Conf . on Precision Measurements with Slow Neutr ons, NIST, USA,
2004, J. Res. Natl. Inst. Stand. Technol. 110 (2005) 173.

Collaboration notes for DØ and LHCb 9

- PerformanceStudiesof the SiliconStrip Detectors of the LHCbSiliconTracker
Proceedings IWORID 2005, Glasgo w, Jul 25-29, 2005 S.Köstner et al., LHCb-2005-080

- Designand Performanceof the LHCbSiliconTracker
Proceedings TIME2005, Zürich, Oct 4-7, 2005, K.Vervink et al., LHCb-2005-102

- Performanceof LongLadders for the LHCbSiliconTracker
Proceedings VERTEX2005, Chuzenji Lake, Nikko, Nov 7-11, 2005 O.Steinkamp et al., LHCb-
2005-103.

- Production of the LHCbSiliconTracker ReadoutElectronics
Proceedings LECC 2005, Heidelber g, Sep 12-16, 2005 A.Vollhardt et al., LHCb-2005-064.

- HybridDesign,Procurement andTesting for the LHCbSiliconTracker
Proceedings LECC 2005, Heidelber g, Sep 12-16, 2005 A.Bay et al., LHCb-2005-061.

- Pre-SeriesSensorQuali�cation for the Inner Tracker of LHCb
G. Baum ann et al., LHCb-2005-037.

- SiliconSensorProbing and RadiationStudiesfor the LHCbSiliconTracker
Proceedings European Symposium on Semiconductor Detector s, Wildbad Kreuth, Jun
12-16, 2005, C. Lois et al., LHCb-2005-033.

9LHCb notes can be accessed through the CERN document server on http://cdsw eb.cer n.ch/
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- A radiation tolerant �ber -optic readout systemfor the LHCbSiliconTracker
Proceedings European Symposium on Semiconductor Detector s, Wildbad Kreuth, Jun
12-16, 2005, A. Vollhardt et al., LHCb-2005-032.

- NoiseConsiderations for the BeetleAmpli�er UsedWith LongSiliconStrip Detectors
S.Koestner and U.Straum ann, LHCb-2005-029.

- Material BudgetCalculationfor the LHCbTTStation
M. Needham, A. Wenger , LHCb-2005-020.

- MechanicalCharacterizationof a TTHalf-ModulePrototype
G. Baum ann et al., LHCb-2005-007.

- UpdatedOccupanciesfor the LHCbInnerTracker
M. Needham, LHCb-2005-006.

- Updateon the upper limit for the rare decayB 0
s ! � + � + with the D0 detector

R. Bernhard and F. Lehner, D0-note 4696, Januar y 2005.

- SensitivityAnalysisof the rare decayB 0
s ! � + � � � with the D0 detector

R. Bernhard and F. Lehner, D0-note 4695, Januar y 2005.

Artic les

Ultra-cold neutr ons:

- Measured total cross sections of slow neutrons scattered by solid deuterium and implications for
ultracoldneutron sources
S.Heule, P. Fierlinger et al., Phys. Rev. Lett. 95, 182502 (2005).

- First storageof ultracoldneutronsin a volumeformed of foils coatedwith diamond-like Carbon
P. Fierlinger , S.Heule, U. Straum ann et al. Phys. Lett. B 625, 19 (2005).

- Measured total crosssectionof slow neutronsscattered by gaseousand liquid 2H2
P. Fierlinger et al., Phys. Rev. Lett.94, 212502 (2005).

- Production of ultra-coldneutrons from a cold neutron beamon a 2H2target
P. Fierlinger , S.Heule et al., Phys. Rev. C 71, 054601 (2005).

- Thesimulation of ultracoldneutron experimentsusingGEANT4
P. Fierlinger et al., Nucl. Instr. Meth. A 552 (2005) 513-521.

- Magnetron-sputtered Becoatingsasre�ector s for ultracoldneutrons
P. Fierlinger et al., Nucl. Instr. Meth. A 551 (2005) 429-447.

- MagneticFieldStabilizationby a Helmholtz-like Coil Con�guration
P. Fierlinger et al., Nucl. Instr. Meth. A 554 (2005) 527-539.

- A novel apparatus for the investigation of material properties for the storageof ultracoldneutrons
P. Fierlinger , U. Straum ann et al., Nucl. Instr. Meth. A 550, 637 (2005).

- Onthe useof lead/tin alloysastarget material for the production of spallation neutrons
P. Fierlinger et al., Nucl. Instr. Meth. A, 539, 3, 1, 646-653 (2005).

15. PUBLICATIONS



AnnualReport2005/06 121

DØ:

- Search for pair production of secondgeneration scalarleptoquarksin pp collisionsat
p

s = 1.96TeV
V. M. Abazo v et al. [DØ Colla bor ation],
[arXiv:hep-ex/0601047].

- Measurementof the isolated photon crosssectionin pp collisionsat
p

s = 1.96TeV
V. M. Abazo v et al. [DØ Colla bor ation],
[arXiv:hep-ex/0511054].

- A Combinationof CDFand DØLimits on the BranchingRatioof B 0
s( d ) ! � + � � Decays

R. Bernhard et al. ,
[arXiv:hep-ex/0508058].

- Search for the Higgsbosonin H ! W W (� ) decaysin pp collisionsat
p

s = 1.96TeV
V. M. Abazo v et al. [DØ Colla bor ation], Phys. Rev. Lett. 96, 011801 (2006),
[arXiv:hep-ex/0508054].

- TheupgradedDØdetector
V. M. Abazo v et al. [DØ Colla bor ation], arXiv:ph ysics/0507191.

- Measurementof the lifetime differencein the B 0
s system

V. M. Abazo v et al. [DØ Colla bor ation], Phys. Rev. Lett. 95, 171801 (2005),
[arXiv:hep-ex/0507084].

- Measurementof semileptonicbranchingfractionsof B mesonsto narrow D** states
V. M. Abazo v et al. [DØ Colla bor ation], Phys. Rev. Lett. 95, 171803 (2005),
[arXiv:hep-ex/0507046].

- Search for large extra spatial dimensionsin dimuonproduction at DØ
V. M. Abazo v et al. [DØ Colla bor ation], Phys. Rev. Lett. 95, 161602 (2005),
[arXiv:hep-ex/0506063].

- Measurement of the t t production cross section in pp collisions at
p

s = 1.96 TeV in dilepton �nal
states
V. M. Abazo v et al. [DØ Colla bor ation] Phys. Lett. B 626, 55 (2005),
[arXiv:hep-ex/0505082].

- Search for single top quark production in pp collisionsat
p

s = 1.96TeV
V. M. Abazo v et al. [DØ Colla bor ation], Phys. Lett. B 622, 265 (2005),
[arXiv:hep-ex/0505063].

- Measurementof the W bosonhelicity in top quark decays
V. M. Abazo v et al. [DØ Colla bor ation], Phys. Rev. D 72, 011104 (2005),
[arXiv:hep-ex/0505031].

- Search for Randall-Sundrumgravitons in dilepton and diphoton �nal states
V. M. Abazo v et al. [DØ Colla bor ation], Phys. Rev. Lett. 95, 091801 (2005),
[arXiv:hep-ex/0505018].

- Measurementof the t t production crosssectionin pp collisionsat
p

s = 1.96 TeVusing lepton + jets
eventswith lifetime b-tagging
V. M. Abazo v et al. [DØ Colla bor ation], Phys. Lett. B 626, 35 (2005),
[arXiv:hep-ex/0504058].
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- Measurement of the t t production cross section in pp collisions at
p

s = 1.96 TeV using kinematic
characteristicsof lepton + jets events
V. M. Abazo v et al. [DØ Colla bor ation], Phys. Lett. B 626, 45 (2005),
[arXiv:hep-ex/0504043].

- Search for supersymmetryvia associatedproduction of charginos and neutralinos in �nal stateswith
three leptons
V. M. Abazo v et al. [DØ Colla bor ation], Phys. Rev. Lett. 95, 151805 (2005),
[arXiv:hep-ex/0504032].

- Production of W Z eventsin pp collisionsat
p

s = 1.96TeVand limits on anomalousW W Z couplings
V. M. Abazo v et al. [DØ Colla bor ation], Phys. Rev. Lett. 95, 141802 (2005),
[arXiv:hep-ex/0504019].

- Search for neutral supersymmetricHiggsbosonsin multijet eventsat
p

s = 1.96TeV
V. M. Abazo v et al. [DØ Colla bor ation], Phys. Rev. Lett. 95, 151801 (2005),
[arXiv:hep-ex/0504018].

- Measurement of the pp ! W 
 + X crosssection at
p

s = 1.96 TeV and W W gammaanomalous
coupling limits
V. M. Abazo v et al. [DØ Colla bor ation], Phys. Rev. D 71, 091108 (2005)
[arXiv:hep-ex/0503048].

- Study of Z 
 events and limits on anomalousZ Z 
 and Z 
 
 couplings in pp collisions at
p

s =
1.96TeV
V. M. Abazo v et al. [DØ Colla bor ation], Phys. Rev. Lett. 95, 051802 (2005),
[arXiv:hep-ex/0502036].

- Measurementof inclusivedifferential crosssectionsfor Upsilon(1S)production in pp collisionsat
p

s
= 1.96TeV
V. M. Abazo v et al. [DØ Colla bor ation], Phys. Rev. Lett. 94, 232001 (2005),
[arXiv:hep-ex/0502030].

- Search for �r st-generation scalarleptoquarksin pp collisionsat
p

s = 1.96TeV
V. M. Abazo v et al. [DØ Colla bor ation], Phys. Rev. D 71, 071104 (2005),
[arXiv:hep-ex/0412029].

- First measurementof � (pp ! Z)x Br(Z! � � ) at
p

s = 1.96TeV
V. M. Abazo v et al. [DØ Colla bor ation], Phys. Rev. D 71, 072004 (2005),
[arXiv:hep-ex/0412020].

- A search for anomalousheavy-�avor quark production in associationwith W bosons
V. M. Abazo v et al. [DØ Colla bor ation], Phys. Rev. Lett. 94, 152002 (2005),
[arXiv:hep-ex/0411084].

- A measurement of the ratio of inclusivecrosssections� (p p ! Z + b-jet)/� (p p ! Z + jet) at
p

s =
1.96TeV
V. M. Abazo v et al. [DØ Colla bor ation], Phys. Rev. Lett. 94, 161801 (2005),
[arXiv:hep-ex/0410078].

- Measurementof the W W production crosssectionin pp collisionsat
p

s = 1.96TeV
V. M. Abazo v et al. [DØColla bor ation], Phys. Rev. Lett. 94, 151801 (2005),
[arXiv:hep-ex/0410066].
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- A search for W pp and W H production in pp collisionsat
p

s = 1.96TeV
V. M. Abazo v et al. [DØColla bor ation], Phys. Rev. Lett. 94, 091802 (2005)
[arXiv:hep-ex/0410062].

- Measurementof the � =B 0 lifetime in the decay� =B 0 ! J = � 0 with the DØdetector
V. M. Abazo v et al. [DØ Colla bor ation], Phys. Rev. Lett. 94, 102001 (2005)
[arXiv:hep-ex/0410054].

- Measurementof the ratio of B + and B 0 mesonlifetimes
V. M. Abazo v et al. [DØ Colla bor ation], Phys. Rev. Lett. 94, 182001 (2005)
[arXiv:hep-ex/0410052].

- A searchfor the �avor -changingneutral current decayB 0
s ! � + � � in pp collisionsat

p
s = 1.96TeV

with the DØdetector
V. M. Abazo v et al. [DØ Colla bor ation], Phys. Rev. Lett. 94, 071802 (2005)
[arXiv:hep-ex/0410039].

- Measurementof the B 0
s lifetime in the exclusivedecaychannelB s

0 ! J = �
V. M. Abazo v et al. [DØ Colla bor ation], Phys. Rev. Lett. 94, 042001 (2005),
[arXiv:hep-ex/0409043].

- Measurementof dijet azimuthaldecorrelations at central rapidities in pp collisionsat
p

s = 1.96TeV
V. M. Abazo v et al. [DØ Colla bor ation], Phys. Rev. Lett. 94, 221801 (2005)
[arXiv:hep-ex/0409040].

- Search for supersymmetrywith gauge-mediatedbreaking in diphoton eventsat DØ
V. M. Abazo v et al. [DØ Colla bor ation], Phys. Rev. Lett. 94, 041801 (2005),
[arXiv:hep-ex/0408146].

15.7 H1Publicationsby the groupsof Straumannand Truöl

Artic les

- A Direct Search for MagneticMonopolesProducedin Positron-Proton Collisionsat HERA
H1-Colla bor ation � , A. Aktas et al.
DESY04 – 240, hep-ex/0501039, Eur.Phys.J.C41 (2005), 133 - 141.

- Search for Light Gravitinos in Eventswith Photonsand MissingTransverseMomentumat HERA
H1-Colla bor ation � , A. Aktas et al.
DESY04 – 227, hep-ex/0501030, Phys.Lett.B616 (2005), 31 - 42.

- Measurementof Dijet CrossSectionsin ep Interactionswith a LeadingNeutron at HERA
H1-Colla bor ation � , A. Aktas et al.
DESY04 – 247, hep-ex/050174, Eur.Phys.J.C41 (2005), 273 - 286.

- Measurementof BeautyProduction at HERAUsingEventswith Muonsand Jets
H1-Colla bor ation � , A. Aktas et al.
DESY05 – 004, hep-ex/050201, Eur.Phys.J.C41 (2005), 453 - 467.

- Measurementof Charmand BeautyPhotoproduction at HERAUsingD � � Correlations
H1-Colla bor ation � , A. Aktas et al.
DESY05 – 040, hep-ex/0503038, Phys.Lett.B621 (2005), 56 - 71.
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- Measurementof DeeplyVirtual ComptonScattering
H1-Colla bor ation � , A. Aktas et al.
DESY05 – 065, hep-ex/0505061, Eur.Phys.J.C44 (2005), 1 - 11.

- Search for LeptoquarkBosonsin ep Collisionsat HERA
H1-Colla bor ation � , A. Aktas et al.
DESY05 – 087, hep-ex/0506044
Phys.Lett.B629 (2005), 9 - 19.

- A Determinationof Electroweak Parameters at HERA
H1-Colla bor ation � , A. Aktas et al.
DESY05 – 093, hep-ex/0507080, Phys.Lett.B632 (2006), 35 - 42.

- Measurementof F cc
2 and F bb

2 at Low Q2 Usingthe H1-vertexDetectorat HERA
H1-Colla bor ation � , A. Aktas et al.
DESY05 – 110, hep-ex/0507081, Eur.Phys.J.C45 (2006), 23 -33.

- First Measurementof Charged Current CrossSectionsat HERAwith LongitudinallyPolarizedPositrons
H1-Colla bor ation � , A. Aktas et al.
DESY05 – 249, hep-ex/0512060, Phys.Lett.B634 (2006), 173 - 179.

Artic les in pr int

- Forward Jet Production in DeepInelasticScatteringat HERA
H1-Colla bor ation � , A. Aktas et al.
DESY05 – 135, hep-ex/0508055, Eur.Phys.J.C (2006), in pr int.

- ElasticJ = Production at HERA
H1-Colla bor ation � , A. Aktas et al.
DESY05 – 161, hep-ex/0510016, Eur.Phys.J.C (2006), in pr int.

- Measurementof EventShapeVariablesin DeepInelasticScatteringat HERA
H1-Colla bor ation � , A. Aktas et al.
DESY05 – 225, hep-ex/0512014, Eur.Phys.J.C (2006), in pr int.

� H1-collaboration (2005)

A. Aktas , V. Andree v, T. Anthonis , S.Aplin, A. Asmone, A. Astvatsatour ov, A. Babae v,
S.Bac kovic, J. Bähr, A. Baghdasar yan, P. Barano v, E.Barrelet, W. Bartel, S.Baudr and,
S.Baumg ar tner , J. Bec ker, M. Bec kingham, O. Behnke, O. Behrendt, A. Belousov, Ch. Berger ,
N. Berger , J.C. Bizot, M.-O . Boenig, V. Boudr y, J. Bracinik, G. Brandt, V. Brisson, D.P. Brown,
D. Brunc ko, F.W. Büsser, A. Bunyaty an, G. Buschhor n, L. Bystritskaya, A.J. Campbell, S.Car on,
F. Cassol-Brunner , K. Cer ny, V. Chek elian, J.G. Contrer as, J.A. Coughlan, B.E.Co x, G. Cozzika,
J. Cvach, J.B. Dainton, W.D. Dau, K. Daum, B. Delcour t, R. Demir ch yan, A. De Roec k,
K. Desch, E.A. De Wolf, C. Diaconu, V. Dodono v, A. Dubak, G. Eckerlin, V. Efremenko, S.Egli,
R. Eichler, F. Eisele, M. Ellerbroc k, E. Elsen, W. Erdmann, S.Essenov, P.J.W. Faulkner , L. Fav ar t,
A. Fedoto v, R. Felst, J. Ferencei, L. Finke, M. Fleischer, P. Fleischmann, Y.H. Fleming, G. Flucke,
A. Fomenko, I. Foresti, G. Frank e, T. Frisson, E. Ga bathuler , E.Gar utti, J. Gayler , C. Ger lich,
S.Ghazar yan, S.Ginzbur gskay a, A. Glazo v, I. Glushkov, L. Goer lich, M. Goettlich,
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N. Gogitidze, S.Gorbouno v, C. Go yon, C. Gra b, T. Greenshaw , M. Gregor i, G. Grindhammer ,
C. Gwilliam, D. Haidt, L. Hajduk, J. Haller, M. Hansson, G. Heinzelm ann, R.C.W. Hender son,
H. Henschel, O. Henshaw , G. Herrera, M. Hildebr andt, K.H. Hiller, D. Hoffmann, R. Horisberger ,
A. Hovhannisy an, M. Ibbotson, M. Ismail, M. Jacquet, L. Janauschek, X. Janssen, V. Jem ano v,
L. Jönsson, D.P. Johnson, H. Jung, M. Kapichine, J. Katzy, N. Keller, I.R.Ken yon, C. Kiesling,
M. Klein, C. Kleinwort, T. Klimkovich, T. Kluge, G. Knies, A. Knutsson, V. Korbel, P. Kostka,
R. Koutoue v, K. Kraste v, J. Kretzschm ar, A. Kropivnitskay a, K. Krüger , J. Küc kens,
M.P.J. Landon, W. Lange, T. La�stovi �cka, G. La�stovi �cka-Medin, P. Laycoc k, A. Lebede v, B.Leißner,
V. Lender mann, S.Levonian, L. Lindfeld, K. Lipka, B. List,E.Lobodzinska, N. Loktiono va,
R.Lopez-Fernandez, V. Lubimo v, H. Lueder s, D. Lüke, T. Lux, L.Lytkin, A. Makankine, N. Malden,
E.Malino vski, S.Mang ano, P. Mar age, R. Mar shall, M. Mar tisikova, H.-U. Mar tyn,
S.J. Max�eld, D. Meer , A. Mehta, K. Meier , A.B. Me yer, H. Me yer, J. Me yer, S.Mikoc ki,
I. Milce wicz-Mika, D. Milstead, A. Mohamed, F. Moreau, A. Morozov, J.V. Morr is, M.U. Mozer,
K. Müller, P. Mur �́n, K. Nanko v, B. Naroska, Th.Naum ann, P.R. Newm an, C. Niebuhr , A. Nikiforov,
D. Nikitin, G. Nowak, M. Nozic ka, R. Og anezo v, B. Olivier, J.E.Olsson, D. Ozerov, V. Palichik,
C. Pascaud, I. Panagoulias , T. Pa padopolou, G.D. Patel, M. Peez, E.Perez, D. Perez-Astudillo,
A. Perieanu, A. Petr ukhin, D. Pitzl, R. Pla �cakyt �e, B. Portheault, B. Povh, P. Prideaux,
N. Raice vic, P. Reimer, B.Reisert, A. Rimmer, C. Risler, E.Rizvi,P. Robm ann, B.Roland, R.Roosen,
A. Rostovtsev, Z. Rurikova, S.Rusakov, F. Salvaire, D.P.C. Sankey, E.Sauvan, S.Schätzel,
F.-P. Schilling, S.Schmidt, S.Schmitt, C. Schmitz, L. Schoef fel, A. Schöning, V. Schröder ,
H.-C. Schultz-Coulon, K.Sedlák, F. Sefkow, I. Sheviako v, L.N.Shtarkov, Y. Sirois, T. Sloan, P. Smirnov,
Y. Soloviev, D. South, V. Spaskov, A. Spec ka, B. Stella, J. Stiewe, I. Strauch, U. Straum ann,
V. Tchoulako v, G. Thompson, P.D. Thompson, F. Tom asz, D. Traynor , P. Truöl, I. Tsakov,
G. Tsipolitis, I. Tsurin, J. Turnau, E.Tzamar iudaki, M. Urban, A. Usik,D. Utkin, S.Valk ár, A. Valk árová,
C. Vall ée, P. Van Mechelen, N. Van Remor tel, A. Vargas Trevino, Y. Vazdik, C. Veelk en, A. Vest,
S.Vinokur ova, V. Volchinski, B. Vujicic, K. Wac ker, J. Wagner , G. Weber , R.Weber , D. Wegener ,
C. Werner, N. Werner, M. Wessels, B. Wessling, C. Wigmore, Ch. Wissing, R. Wolf, E.Wünsch,
S.Xella, W. Yan, V. Yeg ano v, J. �Zá �cek, J. Zále �sák, Z. Zhang, A. Zhelezov, A. Zhokin,
J. Zimmer mann, H. Zohra byan, and F. Zomer

15.8 Research group of Prof. P. Truöl 10

Artic les

- An Improved UpperLimit on the DecayK + ! � + � + e�

E865-Colla bor ation y , Aleksey Sher et al.
hep-ex/0502020, Phys.Rev.D72 (2005), 012005-1 - 012005-13.

- First Observationof the DecayK + ! e+ � e � + � �

E865-Colla bor ation y , H. Ma et al.
hep-ex/0505011, Phys.Rev.D73 (2006), 037101-1 - 037101-4.

- Charm,Beautyand CharmoniumProduction at HERA-B
HERA-B-Collabor ation, A. Zoccoli et al.
Int. Conf . on Hard and Electrom agnetic Probes of High Energy Nuclear Collisions (HP
2004), Ericeir a, Portug al, 4-10 Nov 2004; Eur.Phys.J.C43 (2005), 179-186.

10for H1 publications see Sec.15.7
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- Improved Measurement of the b�b Production Cross Section in 920 GeV�xed-tar get Proton-Nucleus
Interactions
HERA-B-Collabor ation, I. Abt et al.
DESY-05-233, hep-ex/0512030, Phys.Rev.D73 (2006), 052005-1 - 052005-17.

- High Intensity K experiments
A. van der Schaaf , Nucl. Phys. B (Proc. Suppl.) 154 (2006) 12-19.

Artic les in pr int

- A search for � � e conversion in muonicgold
SINDRUMII Colla bor ation, W. Bertl, R. Engfer, E.A. Hermes, G. Kurz, T. Kozlowski, J. Kuth,
G. Otter , F. Rosenbaum, N.M. Ryskulov, A. van der Schaaf , P. Wintz, I. Zychor,
Eur. Phys. J. C (2006).

- Measurementof the J =	 Production CrossSectionin 920GeV/cFixed-Target Proton-MucleusInterac-
tions
HERA-B-Collabor ation, I. Abt et al. , DESY-05-232, hep-ex/0512029, Phys.Lett.B (2006).
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