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Abstract

A femtosecond time-resolution broadband vibrational stequency (SF) spec-
trometer to study metal-adsorbate systems in ultra-higluwma has been con-
structed from an existing 150 fs, 800 nm, 10 Hz repetitioe tater system. A
commercial Optical Parametric Amplifier, and an in-housit pulse shaper (for
high spectral resolution) have been added. A novel alignstestegy using a thin
layer of alkali metal adsorbed onto the metal surface to igea@darge nonlinear
optical signals has been developed. This technique alsesthe complete char-
acterisation of the laser beanmssitu by a spectrally resolved cross-correlation
method. The characteristics of the new system have begndetermined using
this method and by Frequency Resolved Optical Gating.

A study of carbon monoxide adsorbed on a ruthen{luﬁIO} surface has been
performed using the new experiment. A surface coveragendigpe study of the
CO stretch frequency shows good agreement with previousreteenergy loss
studies. From an isotopic study it has been deduced thalkedgdpole coupling
is the principal cause of the observed frequency shift. irenlidths show a dra-
matic rise below 0.3 ML coverage; this is attributed to hegeneous broadening,
and a system of CO chains of varying length and spacing bdimcbverage is
proposed to account for this. At high coverage the linewittibs not increase as
would be expected from a system with such poor adlayer-seinfegistration at
these coverages. An exchange interaction between low ghdreiquency dipoles
would account for this. Sample temperature dependentestudithe stretch fre-
quency have also been performed, and the change is atttitutbe CO stretch
coupling to one of the frustrated CO phonon modes.

Time-resolved Free Induction Decay measurements havebaksio made as
a function of coverage. For example, these show that thé defzhasing time,

T, = 1.2 ps at 0.9 ML coverage. The FID curves have been accuratielg tising

\Y
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the temporal characteristics of the spectrometer and fhaset linewidth values
are obtained with little or no instrumental broadening ampared with the spec-
tral techniques. The form of the FID curves also suggegts lithomogeneous
broadening at high coverages.

Experimental setups for IR-pump, SF-probe and photon epbotscopies
are discussed and have been implemented in their preliyngtages. An 800 nm
pump, SF-probe experiment on the &0D{1010} system shows a transient red-
shift in the CO stretch frequency aroumd= 0 of 5.2 cm! for a fluence of
24 J m2 at 0.9 ML coverage. This transient initially recovers witfirae-constant
of 5.3 ps, and this is accounted for using the data from thepatemperature
dependent study by modelling tlaelsorbatetemperature after laser heating. It
is suggested that the redshift is due to coupling with oneéhef@O frustrated
phonon modes. However, such a rapiteet could also be due to coupling to the

laser excited electrons in the surface.
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Chapter 1

Introduction

1.1 Motivation

1.1.1 Surface Science and Heterogeneous Catalysis

Metal surfaces play a vital rdle in many industrially andieonmentally impor-
tant chemical reactions. By providing a stage on which théeemaar actors (the
adsorbates) can perform their reactive dance they can peaactions, increase
yields and lower the necessary temperatures and presfeastions can be pro-
moted in many ways: by the surface correctly orientatingrdagents; through
surface difusion and collision; or by the influence on the intermolechtands by
the presence of the surface electronic states (for examele¢akening of inter-
molecular bonds by a reduction in electron density causetthéyormation of a

surface-adsorbate bond).

Most of these heterogeneously catalysed reactions araihotihderstood at
a mechanistic level. Surface science concerns itself witlavelling these reac-
tion pathways and understanding their energetics andi&giédf; this information

can then lead to educated suggestions for better catabysplace those that cur-

1



2 CHAPTER 1. INTRODUCTION

rently are used largely due to serendipity. Improvementsitalysis lead to many
advantages for industry and the environment; for exampleqiag a reaction
temperature would cut costs in an industrial process, getifically could lead
to car catalytic converters reaching their operationalperature much sooner af-
ter a vehicle is started, with great environmental benefitee study of existing
catalytic reactions can also lead to the development ofysasafor indficient
currently un-catalysed reactions.

The surface scientist’s toolkit contains many technig@gsgnd our group is
fortunate to have several of these which can be used to tagklgblem from many
angles. Spectroscopic techniques give insight into vikmiat dynamics, such as
Reflection-Absorption Infra-Red Spectroscopy (RAIRS) [BEensity Functional
Theory (DFT) calculations can model electron density argdjsat likely reaction
pathways [4]. A micro-calorimeter enables direct measer@of adsorption en-
ergies [5]. The molecular beams facility enables precisgrobof adsorption [6].
The unique Surface Infrared Emission (SIRE) experimentdigattly detect the
emission of infrared light from surface bonds [7].

We can spatially visualise molecules on surfaces with Lowrgy Electron
Diffraction (LEED) [8] and Scanning Tunnelling Microscopy (SY{@]. STM
produces images with nanometre resolution, the true lescate of these funda-
mental processes. The work described in this thesis addbaitgie to the group’s
arsenal which can spectroscopically follow chemical ieaston surfaces on their

true femtosecond time-scale.

1.1.2 Pump-Probe Spectroscopy

In surface pump-probe spectroscopy, two ultrafast lasésepuare used, figure
1.1. The first (the pump), causes a reaction or physical peo(®g. desorption)

to occur and establishes a time zero from which the reactonbe clocked. A
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second pulse arriving a short time after the pump then spemapically probes the
surface-adsorbate system. By varying the time delay betiveepump and probe

pulses, a real-time spectroscopic picture of the procedsnstudy is revealed.

Figure 1.1: Surface pump-probe spectroscopy. (1) Pump beam starts molecu-
lar process, here desorption of the diatomic molecule from the metal surface.
The state of the adsorbate layer is spectroscopically probed a short time later.
(2) The system is pumped again, but this time the probe arrives slightly later,
and the process of desorption has progressed further. By altering the pump-
probe delay a real-time spectroscopic picture of the process can be built up.

The optical technique used for the probe pulses in this werkalled Sum
Frequency Generation (SFG). The probe actually considismfaser pulses of
differing frequency: one is infrared and is tuned to the vibretioesonance to be
studied and the other is a visible pulse (figure 1.2). SFGptagixed in more detail
in chapter 2, but essentially what is detected is light astira of the two frequen-
cies with vibrational information from the adsorbate preseithin its spectrum.

SFG is ideal for surface study as: the process only occursritces and inter-
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faces and thus gas phase molecules are not detected; tleagereaxf the surface
may enhance the signal; and IR detectors are not needed asrth&equency
(SF) light is produced in the visible region of the spectr@RG also has a much
greater signal to noise ratio than infrared absorption, @addeal with hidden

interfaces [10].

Visible beam, wy,g

SF signal, oge = wy,g + wyg

IR beam, w g

\

| Adsorbate Layer |

——

Figure 1.2: Sum frequency generation as a surface probe.

So for SFG pump-probe experiments three laser beams aresaegeone
for the pump and two for the SF probe. Surface science expetsron single
crystal metal surfaces are generally performed under-higa vacuum (UHV)
conditions, so that contamination from sources not relet¢ide chemical systems
under study can be eliminated. Thus one of the major chaleafsetting up such
an experiment is how to align three small and temporally &ryrt laser pulses
in spaceandtime on a sample in a vacuum chamber. A novel technique forgdoi
this is described in this thesis.

SFG can of course also be used without a pump pulse for oxdspactro-
scopic studies, and the first results from this experimembéthis nature. Fem-

tosecond laser pulses are intrinsically broadband, dubeadciprocal Fourier
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relationship between the time and frequency domains. Tleans that a wide
range of spectral features can be observed under the breattapenvelope of
the IR pulses and removes the need to scan the frequency R thaurce (sec-
tion 2.3.2). If a spectrograph and CCD array are used as atoetesystem then
an entire spectrum may be taken with one laser pulse.

Later results herein use a technique in which the visible lBhneams are
delayed to takdree induction decayneasurements (explained in section 2.3.3).
Finally in chapter 6, the first visible-pump SF-probe refulin this laboratory is

presented.

1.1.3 Choice of Chemical System to Study

Our group have been involved in a study of the photocatatigmomposition of
water to produce hydrogen. The work is a collaboration betwihe groups of
Prof. Aart Kleyn and Dr. Mischa Bonn in Leiden, Prof. MartinoWin Berlin,
Prof. Peter Saalfrank in Regensburg and our group, and aefliby theChair-
men of the European Research Councils’ Chemistry CommaitteEERC3. The
work involves using femtosecond laser techniques and ¢tieat modelling to
gain a fundamental understanding of the dynamics of eneagsfer in the de-
composition of water to form hydrogen on ruthenium oxiddaes. The goal of
this work is to suggest arflcient catalyst for this reaction, so hydrogen may one
day be produced from water and sunlight for fuel.

RuQ, was chosen as it is already known to act as a water reductiaiyst
in the decomposition of water to formy@nd H, [11]. The role of our group in
this is to investigate theffect of co-adsorbed alkali metal layers in promoting the
reaction. We decided to use the{ROIO} surface to provide a contrast with the
Ru0001} surface used in Berlin and Leiden.

However, preliminary results from Berlin [12] indicatedeatively low sig-
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nal from water on ruthenium. Given that the Berlin group haviemtosecond
laser with a 400 Hz shot repetition rate, this, for reasossudised in chapter 3,
gives them more sensitivity and less shot-to-shot noise t&can expect with
our 10 Hz system. Therefore our group decided not to invatigrater on the
Ru{1010} surface immediately with the new experiment, but to try aeunole

with a larger SF signal. For this reason the first chemicallted$rom our spec-

trometer are from C;CRu{lOIO}.

1.2 Review of Femtochemistry

1.2.1 Pioneering Work

In 1935 Eyring [13], and independently Evans and Polanyj, [#ote on the tran-
sition state theory, and proposed an extension to the Aiubexpression for the
rate constant of a reaction based upon its activation endiigig theory gave an
expression for the rate of a reaction corresponding to ata00 fs. Subsequently
over the rest of the twentieth century the experimentadigtsmpted to catch up.
Hartridge and Roughton developed the flow technique in 1823nce invented
the stop flow technique in 1940, with a millisecond time rasoh. The microsec-
ond barrier was broken by Norrish and Porter [15] in 1949 Wébkh photolysis, a
true forerunner of the pump-probe technique, in this vepadinent. The relax-
ation technique was developed by Eigen in 1953 [16], in wkirehequilibrium of
a chemical system was disturbed by a heat or pressure juna, electric field.
This brought the technology almost to nanosecond timescale

The invention of the laser by Maiman in 1960 brought rapidng/eain the
field. The development of Q-switching (section 3.1.3) andlenlmcking (section
3.1.2) led to further gains in time resolution, and in 197B-picosecond pulses

were obtained from dye-lasers by Shank and Ippen at the Bélbtatories. By
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1992 6 fs pulses had been achieved from Ti:Sapphire lasectiqs 3.1.2) and
today the attosecond regime has been reached [17]. Thégbamtelopment of
molecular beams was also important in attempts to clock dameactions [18].
The father of femtochemistry is Ahmed H. Zewail [19, 20] ofl€eh. In
1987 his group published work [21] in which the dissociatd-CN in the gas
phase was monitored with 400 fs resolution. Within two yetrey had studied
the same reaction with a 40 fs resolution. Zewail then wentibostudy halogen
exchange reactions, such as-Br, — [Brl,]* — Brl + I, and from this work [22]
was able to plot the fulpotential energy surfacef the reaction. For reviews of
recent work in general femtochemistry see [23, 24, 25]. Ydeatochemistry not
only concerns itself with the measurement of reaction dyogsnbut has branched

out into the area afoherent contro[23].

1.2.2 Application to Surface-Adsorbate Systems

Lasers have been used to optically stimulate surface o#ecsince the 1970s
[26, 27]. Such stimulation may theoretically occur by foustohct mechanisms
[28]: adsorbate localised excitation; carrier-induceact®ns; surface-state me-
diated reactions; and thermal reactions. The first of thase<is limited to where
the free adsorbate has a large photochemical cross seatidns rare. The sec-
ond case occurs when electron-hole pairs are induced byencphotons in the
near-IR and shorter wavelength range on the metal surfage.“fiot” electrons
formed by this process have lifetimes in the range of 1844(29]. The dfec-
tive electronic temperature caused by rapid thermalisaifdhe electron gas to a
hot Fermi-Dirac distribution may reach peak temperatufésaisands of Kelvin
above the equilibrium melting point with femtosecond lasgstems. The third
case arises when either an occupied or unoccupied elecsarface state is in-

volved in a optically induced transition. The final case imes heating of the
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substrate by the laser and the thermal activation of theicgac

Early surface time-resolved experiments involved desompuif adsorbed che-
mical layers with a pump laser pulse, for example NO on &L.PH surface in
1990 [30] using a technique known as REMPI (Resonance-EaidaiMultipho-
ton lonisation) in which desorbed species are opticallysieth and the remnants
detected with time-of-flight mass spectrometry. For a m\0éthis area see [28].
Section 1.3 describes the laser induced desorption expetincarried out in this
group prior to the work described herein. A recent work esab the systems in-
vestigated in this thesis is a study of the laser inducedrgéea and oxidation of
CO on a R¢000%} surface by Bonn, Wolf and Erdt al.[31] in which an 800 nm
pump beam can desorb CO or react co-adsorbed CO and atomith@getection
by time of flight mass spectrometry. They showed that the niéism process is
caused by coupling to the substrate phonon bath, while tuetion is caused by

hot substrate electrons.

The first surface time-resolved vibrational experimentsieast on a pico-
second timescale, probed vibrational decay processes.e 9bitihe earliest of
these were by Heilweil, Beckerle, Cavanagh and Stepheeisah(e.g. [32, 33,
34, 35]) from 1988. These experiments initially used platinor rhodium parti-
cles on a Si@substrate and progressed to CO on a sing|#1Rj crystal. Tran-
sients in the vibrational spectra (taken with infra-redapson spectroscopy)
were observed when a vibrationally resonant IR pump pulsewesent. From
these, the lifetime of the vibrational populatioh, (— see section 2.3.3) could be

calculated.

Slightly later SFG was used as the detection method to pridrational de-
phasing. These experiments probed the total dephasingTyie- section 2.3.3)
and the lifetime of the vibrational populatiom,). The dephasing measurements,

known asfree induction decayare reviewed and explained in section 2.3.3; the
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vibrational population measurements are explained in@se6t1.1.

In 1993 Germeet al.[36] performed experiments in which a visible picosec-
ond pump pulse was used to heat &lLP1} surface, and observed a shift in the
stretch frequency of adsorbed CO measured by IR-probe @tiomor This could
be attributed to increased population of the CO adlayetrinted translation mode

at high temperature and its coupling to the C-O stretch.

The recent work of Bonn and Wodft al. on CQRuW0001 with femtosecond
lasers (as reviewed in sections 5.5.3 and 6.3.3) involvealifeng the surface-
adsorbate system with a visible pump beam and observingftbet @ipon the
vibrational dynamics with a sum frequency probe. A qualidy similar obser-
vation to that seen by Germetal.is also attributed to thermally exciting the frus-
trated translation mode. Also Bourguignenal.[37] are currently undertaking a

visible pump, sum-frequency probe femtosecond laser expat on COP{111}.

Bandaraet al. [38] have recently undertaken an SFG study of/RiQL11}
with picosecond lasers. They observed an unusual shouldee ISF spectra with
a UV pump beam, but not for a visible beam. They attribute thithe direct
involvement of hot electrons caused by the UV pump in exgitire C-O internal

stretching mode.

Whilst time resolved SFG experiments on systems which ametb&op based
have blossomed in recent years [39], experiments perfoumedr ultra-high vac-
uum are few. This is largely due to the fact that UHV systents wurface sci-
ence preparatiofcharacterisation facilities, and ultra-fast lasers atb bomplex
technologies in their own right; and indeed as chapter 3 daitnates they often

have conflicting needs when it comes to their ideal laboyatarvironments.
As an interesting aside, the Zewail group are currentlyirgetip an exper-
iment to perform LEED experiments in real-time by using a tiesecond laser

to excite a medium and generate fast pulses of electrons tsdxt in the elec-
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tron diffraction process [40]. In this way it should be possible ttofelchemical

reactions on surfaces simultaneously in real-space arehlftime.

1.3 Previous Work in the Cambridge FemtoLab

The femtosecond laser laboratory was originally a sharetitfabetween the
groups of Gareth Roberts and David King; up until a year andl&ifito my PhD
laser time was shared between the two groups. Dr. Robert® wancentrated
on gas phase studies, and it is for this reason that the lezssc $ystem is a high
powered 10 Hz repetition rate system, which is most suittdlsuch work. A
review of work done by the Roberts group in this laboratorgiven in [41]. The
main body of work from the King group in this laboratory conted laser in-
duced desorption of adsorbed molecules from metal singitals. The principal
system of study was benzene on &1} surface in ultra high vacuum [42, 43].
Benzene (and its fully deuterated isotope) was desorbed fhe metal surface
by 800 nm, 150 fs laser pulses — the fundamental output framaser system.
Desorbed species were detected with a mass spectromettee diktinct features
were seen in the time-of-flight spectra: a hyperthermatieawith 0.2 eV transla-
tional energy; a thermal feature at intermediate energie$a subthermal feature.
This behaviour was explained by a model in which energy issfiexred from the
surface in a series of steps from layer to layer in the mykita— amolecular
Newton’s cradle

During the first year of my PhD we conducted a similar desompgxperi-
ment for ethylene, and later hydrogen, of1Rt}. This was during downtime of
the device used to produce mid-infrared light for vibratibexperiments. Very
fast charged species were produced, which were non massestby our mass

spectrometer. This work proved inconclusive and is perighe the main body of
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work described in this thesis. However, for completeneskésa summary of the
experimental details and results is given as Appendix A.lRaitcount is given in

my end-of first-year report [44].

1.4 About this Thesis

This thesis describes the development of the femtosecdoddeory from a sim-
ple 800 nm, 150 fs at 10 Hz repetition rate amplified femtosdanscillator fa-
cility to a broadband sum frequency spectrometer for snglynetal surface-
adsorbate systems in ultra high vacuum, both in the frequand time resolved
regimes. The scope of this work began with the arrival of atic@pParamet-
ric Amplifier (OPA) which converts the output from the exisgilaser system to
mid-infrared for vibrational SF experiments.

Chapter 2 introduces the concepts of nonlinear optics amdieguency spec-
troscopy. As much of this thesis is devoted to the constroaif the spectrometer,
this chapter presents a working introduction to the varimusinear optical phe-
nomena which are used in the optical setup as tools; suchcasdéarmonic
generation and optical parametric amplification. It alsplaxs in more detail
what sum frequency spectroscopy is, why it is used, and hestspmay be in-
terpreted. Finally, the concept of the time resolved freliation decay to directly
measure vibrational dephasing times is discussed.

Chapter 3 describes the development of the experiment, dpetdevel at
which it was capable of spectrally resolved SF measuremamdstemporally
resolved free induction decay measurements. It begins avitbutline of how
ultrafast laser pulses are produced, and describes the emainlaser system
in theory and also in terms of its practical day-to-day rmgnand alignment.

The operation of the OPA is then discussed, followed by thesldpment and
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construction of a pulse shaper to spectrally narrow thébldaser pulses used
as part of the SF technique, which is a requirement for higittsal resolution.
Then the ultra-high vacuum (UHV) chamber is detailed, alaityy the standard
surface science techniques used to clean and charactegée metal crystals
vacuosuch as low energy electronfitaction, Auger Electron spectroscopy and
temperature programmed desorption. The final section sfdapter brings the
laser and UHV systems together. The optical detection apypsiis discussed.
Methods of mechanically delaying laser pulses with resfgeeach other for time
resolved experiments are detailed, along with the softw@o®ordinate data ac-
quisition with changing temporal delay. The developmenthef novel strategy
used for aligning multiple laser beams in spaceltime on a surfacé vacuois
described. Given that this is the first PhD thesis to be cotaglizom this labora-
tory in this group, it is hoped that the detailed descriptidthe apparatus given

in this chapter may usefully serve as a reference for futundaers.

Chapter 4 discusses methods of characterising ultradast pulses. After a
brief mention of fluence and autocorrelation measurem#érggroblems of chirp
and pulse-front tilt are discussed. Frequency Resolveat@gbating (FROG) is
then explained and used to obtain some of the temporal atrapgroperties of
the spectrometer. Then a novel technique involving a thyeraf alkali metal
on the crystal surface which allows-situ characterisation of laser pulses in the
UHV chamber is discussed and used to accurately deternmerteniporal charac-
teristics of both beams used for SF experiments so that tite femporal width

of the laser beams can be taken into account when fitting &s@&ved data.

Chapter 5 presents an SF study of carbon monoxide on theniuth¢1010}
surface. The cleaning and characterisation of the metgbleaisdetailed. Spec-
trally resolved measurements are described, where thelsfrequency and line-

width of the CO molecules are studied as a function of surtamerage. The
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temporally resolved free induction decay measurementseobscillator dephas-
ing time with coverage, accurately fitted using the temponaracteristics of the
system from chapter 4, are given and compared with the spdiceewidth mea-
surements. The origins of the stretch frequency changedistessed, along with
supporting data from an isotopic study. The changes in lidéware explained
with reference to surface order, and a suggestion is mads #i® nature of the
adsorbate layer structure at low coverage. The data foL R0} are compared
with recent data for CARU{0001} and to support this a brief sample temperature
dependent study of the stretch frequency is presented.

Chapter 6 outlines experimental setups for IR-pump SF@rahd photon
echo experiments. Finally, a setup for a visible pump, Siberexperiment is
presented along with the first three-beam time-resolvedppprabe results from
this laboratory. The next stage of work in the laboratoryhisnt discussed, fol-
lowed by concluding remarks.

This thesis is aimed at audiences of both ultra-fast speobmsts and surface
scientists, and thus particularly in chapter 3, | have erpthsome of the more
everyday concepts in each field for the benefit of readers fhemother field given

the overlap of speciality is not common.






Chapter 2

Nonlinear Optics and Spectroscopy

The process of sum frequency generation from surfaces aedidoes is the prin-
cipal experimental technique used in this work. Howeves,lt#ser system itself
employs several other nonlinear optical processes, sud®asnd harmonic gen-
eration to double optical frequencies (for example to poeda 400 nm pump
pulse from the 800 nm fundamental); optical parametric #mation to produce

mid infrared light for vibrational studies; and SFG in nowar optical crystals as
an alignment tool. This chapter provides a working intrdgucto the nonlinear

processes described in the remainder of this thesis.

2.1 Interaction of Intense Light with Matter

2.1.1 Linear and Nonlinear Susceptibilities

Within the Born-Oppenheimer approximation, the electetdficomponent of an
electromagnetic wave incident upon a medium will exert adarn the electrons

within that medium. The polarisatioR, induced in the medium when the electric

15



16 CHAPTER 2. NONLINEAR OPTICS AND SPECTROSCOPY

field, E, is weak is given by [45, section 18.2]
P=aE (2.1)
whereq is thelinear polarisabilityof the medium. This may also be written as
P=eyVE (2.2)

where y(® is thelinear susceptibilityof the medium andy, is the permittivity
of free space which will be omitted for clarity in all furthequations. For an
electric field of any form the induced polarisation will betbé same frequency
as the incident radiation and this polarisation will retede giving rise to classical
optical gfects e.g. reflection.

However, the assumption that the induced polarisatioméslily related to the
electric field strength breaks down in stronger fields andptilarisation must be

expressed as a power series in the field strength [46, page 2]

P=pPY4+p@ L pd® L p@ ...

— X(l)E +X(2)E2 +X(3)E3 +X(4)E4 4+ ... (23)

wherey™ is thenth order nonlinear susceptibility. Again this can be writta

terms of polarisabilities:
P=aE+BE2+yE3+6E* +--. (2.4)

whereg, y and¢ are the 2nd, 3rd and 4th ordeyperpolarisabilities

2.1.2 Second Order Processes

All the nonlinear processes described in this thesis arerskorder. Thus if

one considers only the first and second order terms, for adantelectric field
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E(t) = Ece™! + c.c. (c.c. = complex conjugate) inserted into equation 2.3 the

polarisation may be written as
P = yWMEje ™ + yPE e 2! + cc. (2.5)

This expression contains a term which oscillates at twieeftbquency of the
incident radiation, and the component of the light re-reatiaby the medium at
this doubled frequency is known as the second harmonic (BHis analysis of
the second order polarisation is now repeated for two inngraiectric fields such

thatE(t) = E;e7'“! + Eye 2t + c.c. then the following terms emerge:

P = @ (Ele‘i‘”lt + Eeie?t 4 c.c.)2

= YPE 2e 2t 4 RE 2g 2wt | ¢ c. (2.6)
+2YDE B et 4 ¢ ¢, (2.7)
+2yPE Eyreiredt | e (2.8)
+2yPE B, + 2vPE,E,". (2.9)

Terms 2.6 represent the second harmonic generation (Sleé@)dach of the
two fields. Term 2.7 represents a polarisation oscillatinthe sum of the two
frequencies. This term in the polarisation will re-radiated generate the sum-
frequency of the incoming beams thisis the phenomenon known as SFG. Term
2.8 generates theftierence frequency (DF) of the incoming beams, and the final
terms (2.9) are independent of the incoming frequenciedl@mdfect is known
as optical rectification.

In all of the above two approximations are made. The firstas We employ
the electric dipole approximation — optical magnetic fieddsl multipoles are ne-
glected. The second is the local field approximation:Btields which induce the
polarisations are the macroscopic electric fields of thenmag radiation alone

and the microscopic fields of neighbouring dipoles are igdor
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2.1.3 Three Dimensiona)® Processes

In equations 2.3-2.9 the electric fields and polarisatiorsreferred to in their
vector form and, for real medig(® is a tensor to truly reflect this relationship and
the media’s anisotropic nature. For SR&) is a third rank tensor to represent the
relationship between the three spatial co-ordinates ehé&h,d&E, andP, giving
27 components in total. For infrared (IR) and visible (VI8faming radiation,

each component qiszk) represents the relationship as follows

P! 2) (2 E(_2) E(Z)

i,.sF = Xijk EjvisEkIR: (2.10)

There is an important symmetry consideration i processes: giveR® «
E? thenP@(E) = P@(-E). In a centrosymmetric medium, opposite directions
are identical s®®?(E) = —P@(-E). These two conditions can only hold if the
constant of proportionality, i.e?, is zero. Thus only non-centrosymmetric me-
dia have a finitg/® (a more rigorous argument for a fully tensorid® is given
in section 2.3.1). The most obvious examples of non-ceynosetric media are
surfaces and interfaces. Hence second order nonlineaegses such as SFG
and SHG aresurface specifiand ideal for spectroscopic study of metal-adsorbate
systems. Certain inorganic crystals also exhibit suitallametry, as described

in section 2.2.1.

2.2 Processes Used as Experimental Tools

2.2.1 SHG and SFG in Crystals — Phase Matching

The angle of the incoming beams with respect to a nonlingestalris critical as

| shall now demonstrate. From Maxwell’s equations, for deditic

oD

VxH=—
ot

0
= a(€oE+P),
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oH
VXE = —up—
8 Ho5t
0’E P
= VXVXE = —we— — to—- 2.11
XV X Ho€o 5y ~ Moz ( )

Taking the Fourier transform of both sides of equation 2.i%&g[47, section
8.3]

VxVx f E(w)e “'dw =

62

- ,U060ﬁ

00 . 2 00 .
E(w)e“'dw — ,uoa— P(w)e"“'dw. (2.12)
oo o2 J_o

One can then take each frequency component separately paddixto sec-

ond order to give
V x V x E(w) = toeow’E(w) — pow? | PP (w) + PO(w)] . (2.13)

The linear polarisation can be subsumed intoEfe) term by introducing the
linear dielectric constang(w) to give [48, page 43],
VX VXE(W) = cg—je(w)E(w) — 10w PP (w). (2.14)
If a transverse wave of the forfB(w) = Eo(w, 2€* (WhereEg(w, 2) is an
envelope function slowly varying with) is inserted into the left hand side of

equation 2.14 one gets

&E
VXxVxEw)=V(V-E)-VE=~-——
—_— 072

—0 for plane wave
BEO((,U, Z) 82E0(w, Z)
0z 0%z

= [kZEO(w, 2) - 2ik e, (2.15)

As Eo(w, 2) is slowly varying, we can neglect its secondféiential and thus

reinserting expression 2.15 as the left hand side of equati4 we get

BEO((,U, Z)

[kZEO(w, 2) - 2ik -

2
] e = %e(w)Eo(w, 2) — 1ow?P@(w)
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which is a nonlinear wave equation in which the first term arhesade is identical
to the linear wave equation (in whiéf = w?e(w)/c?), and the second terms give

an((u, Z) _ ia)z,uo

) _ikz
= S POe ™, (2.16)

In section 2.1.2 we inserted the sum of two time-dependewctrét fields into
equation 2.3 to demonstrate the resultant terms resperfsibtecond order pro-
cesses. If now instead we consider the sum of two waves wlsotvary in space,

E = E; exp(kiz — iwst) + E; explkaz — iw,t), this will give a polarisation
Pse® o yPE,eM?E,ghezgikse (2.17)

whereksr = n(wsfF) wsg/c for sum frequency generation in whichr = w1 + w,.
N (wsg) is the refractive index of the medium at frequeng.

Inserting the polarisation from equation 2.17 into equafidL6 one gets

o YPE 1 E,64% (2.18)

OEsr
z

where

N(w1) w1 N N (wy) w> ~n (wsp) wsr
C C

Ak:k1+k2—ks|::

, (2.19)

i.e. a value proportional to the change in total photon mdorer(= hAKk) before
and after the process.
Integrating equation 2.18 over a path lengtbives

eiAkL -1
Ak )’

Esr o« @ |E4] |E2| (

which as the SF intensityg, is proportional tdEse?, gives

AkL). (2.20)

IsF o IX(Z)IZ |_25inC2 (T

The sinc function is maximal when its argument is zero, scagqo 2.20

implies that maximum SF signal will be achieved whdn= 0; i.e. when photon
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momentum before and after the process is conserved. Frongtitenost term of
expression 2.19 one can see that the only way to achievesthoshaven (w;) +
n(w>) = n(wsp) Which is impossible for most media due to dispersion. Howeve
remembering that® is in fact a tensor, it is possible to choose a material in tvhic
the SF beam is produced with an orthogonal polarisationdarttoming beams.
In other words, a birefringent crystal is used in which thieaetive indices are
different for the two dterent polarisations.

When the SF beam produced in a uniaxial nonlinear crystahhasthogonal
polarisation to the incoming beams it is known as Typhdse matchingt is also
possible to achieve phase matching by using incoming beathawombination
of the two polarisations, but with the combinations in eaatoiming beam being
orthogonal with respect to one another. The SF beam may then lboth com-
ponents of polarisation, however only one will be phase heatc This is Type Il
phase matching.

One can achieve Type | phase matching by rotating the angheeafonlinear
crystal with respect to the beams. In the following, trdinary polarisation is
perpendicular to the plane containing the propagationovekt and theextraor-
dinary polarisation is parallel to this plane. It can be shown [42ti®n 14.3][47,

section 7.5] that for a uniaxial crystal

1 sife . cogd
e  m ng

wherene andn, are the principal values of the extraordinary and ordinataip-
sations respectively. Thug(d) can be changed from, atd = 90° ton, atd = 0°
to choose a value such that condition 2.19 is satisfied.

In this experiment we use two main nonlinear optical crgst&eta Barium
Borate (BBO) is used for second harmonic generation, a psoaeed as a tool
to optimise the laser system, and to generate a blue pump toegump-probe

experiments. Second harmonic generation can be thouglt sfim frequency
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generation with two incoming photons of the same wavelengtiis can be use-

ful to check the temporal alignment of two laser beams; wigiéch individual
beam will produce its own second harmonic, when the beantsiagorally over-
lapped a third beam will be seen bisecting the others. Eaotophn this beam
can be thought as originating from one photon from each bémmnyith twice

the energy of each incoming photon and thus twice the frequeBBO has a
rhombohedral symmetry and its useful transmission ran@e2i5—2.1um. It is

also used in the OPA for the parametric process as descnibedciion 2.2.2.
Lithium lodate (LilGs) is used to produce benchtop SFG for spatial and temporal

alignment purposes. It has hexagonal symmetry and tras$mrm 0.31-5.Qum.

2.2.2 Optical Parametric Amplification

Optical parametric amplification is @® nonlinear optical process very similar

in theory to diference frequency generation (expression 2.8 and [48, @h@pt

It is equivalent to a dference frequency process in which a beam known as the
idler, w;, is generated from a pump beam,, and a beam known as tiseggnal

ws:

Wi = Wp — Ws. (2.21)

The three beams must satisfy the phase matching condition
ki = kp —Ks (2.22)

in a similar way to condition 2.19 to conserve momentum. Séoasum fre-
guency generation described in section 2.2.1, the nonlicryatal must be cor-
rectly orientated for a particular set of wavelengths. Hqua2.21 is mathemati-

cally equivalent to

Ws = Wp — Wi. (2.23)
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The same phase matching condition applies and both may beseeyged in terms

of energy levels as in figure 2.1. Now one can think of the pssagescribed

Figure 2.1: Optical parametric generation. Left hand panel is equivalent to
equation 2.21, right hand panel to equation 2.23.

in equation 2.21 and the left of the figure as generating ar idhve from the
signal (and pump), and the process in equation 2.23 andgheati the figure as
generating a signal wave from the idler (and pump). Then @mesee how, if
both these equivalent processes couple into and feed frenamother, the signal
and idler would mutually seed amplification of themselvesrfrthe pump beam
over many passes of the crystal [46, page 86]. This has bg®oited in devices
known afOptical Parametric Oscillator§OPOs) [50] in which a nonlinear crystal
is placed in an etalon or mirror cavity and oscillations dtevaed to build up
as the signal and idler are amplified [46, section 2.8]. It tac commercial
system uses a controlled finite number of passes throughrgsialcand is not an
oscillatorper se— hence the use of the term amplifier to describe it.

If such an amplifier is seeded with a broadband source of, lidjen in the
first stage of amplification the process will select thoseaignd idler frequen-
cies which satisfy equations 2.21 and 2.22 for a particulgstal orientation. By
changing the angle of the crystal, the signal and idler feegies can be systemat-
ically selected. For an 800 nm pump pulse, signal and idégruiencies are in the

near infrared and a further simplefidgirence frequency interaction can produce
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lightin the mid infrared for vibrational studies. Our commmial OPA is described

in the next chapter in section 3.1.4.

2.3 Sum Frequency Spectroscopy

2.3.1 Hfect of Orientation and Polarisation

Equation 2.10 gives the total second order polarisationVi@ and IR beams
incident upon a surface or interface and this is eventuateaed as the SF in-
tensity,lsg o |PSF(2)|2. However, for an isotropic surface, many of the components
of X.(Jzk) make no contribution. If one now rewrites the symmetry cidtéor
introduced in section 2.1.3 one gets

X8 =D (2.24)

and
X8 =2 (2.25)

These place constraints on the contributing componeqt%fo‘br a surface. With
the x andy axes in the plane of the surface, four examples serve tofgladishe

possible combinations [51, page 54

e zzz— reversingx ory axes has noféect —[1

e xxx(andyyy) — reversingx axis (xxx —-x-x-X) impliesy% -y = —xZix

Y2, = -9, which does not satisfy both criteria, jf? is finite — O

e zxx(etc.) — reversing the axis Exx — z-x-X) impliesyZhx = —x2y =

2, which has no overall sign change so does not violate theierite [

e zzx(etc.) — reversing axis zx— zzx) impliesy2, = -2, which has

an overall change of sign and so does not satisfy both @iteri]
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Given thex andy directions are equivalent, this leaves only 4 non-zéfkb

components [52] for an isotropic surface:

XS(=x8) X2(=x2) A (=x) A%

With specific incident laser polarisations it is possibl@tobe particular sus-
ceptibilities. p-polarised light has electric field components along bothdh
rection perpendicular to the surfac® é@nd one of the parallel directions (e.g.
X), whilst s-polarised light has just one electric field component althregother

parallel direction (e.gy) — figure 2.2. Four combinations of incident and SF

E z

surface
X
s polarisation p polarisation

y

Figure 2.2: s and p polarisations of light incident on a surface.

polarisations are available given the non-zero comporant® above, depend-
ing on which components of tHefield are present in each direction — these are
shown in table 2.1. However, only two of these are usuallyy$ee metal sur-
faces. The reflectivity of metal surfaces is high for infdalight; for example the
reflectivity of ruthenium at um is 96%. Only combinations with an IR field with
somez component (i.ep-polarised) contribute; the andy components undergo
a phase change upon reflection such that their intensitibg gtoint of reflection
are zero.

It is possible to determine the orientation of moleculesduksd on surfaces
by measuring the SF signal strength as a function of polésisaas has recently
been reported for CO on PHL1 [53]. In all experiments described in this thesis,

PPP polarisation is used for maximum signal strength.
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Polarisation Combination y® Components Seen In Metals?
SF VIS IR
Ssp XS O
SPS X O
PSS x5, O
PPP X s X5k 0
XYoo Xk 0

Table 2.1: Contributing polarisation combinations.

Phase matching also applies to surface SFG and thus thesarighe VIS, IR
and SF beams are related by [54]

a)g,:sinQSF = Wy|s Sih@ws + WiR Sin@m. (226)

2.3.2 Form of the Spectra

So far SFG has been presented as a physical property of thHaqmewdith no dis-
cussion of the chemical significance. For a surface-adsorbterfacepboththe
surface and chemical layer will have their own independeatdsd order suscep-

tibilities, and the tota}® will be the sum of these [55]
X =k + xR (2.27)

where the subscripts denote Total, Non-Resonant (i.e. gtalsurface), and Res-
onant (i.e. the chemical layer) contributions.

The intensity of the SF signal is proportional|l;1a(r2)|2 so from equation 2.27
this gives

Ise o | X+ | 2d" + 2| 8 | x@d cosag (2.28)
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whereAg¢ is the diference in phase between the two complex susceptibilities. T
right hand cross-term demonstrates a major advantage ofo8&Gother surface
techniques. Not only is it surface specific, but the crossrtshows the non-
resonant SF contribution can enhance the resonant catinbu

We now turn our attention to the adsorbate layer. The origing. in such a
layer lie in the molecular dipoles. The SF process in vibral spectroscopy can
be thought of as excitation to the first vibrational level bg tR beam, thenp-
conversiorto a virtual electronic state by the VIS beam, followed byajeto the

ground state throught emission of lightai- — figure 2.3. In other words, it con-

E Virtual State
y (s
VIS
SF
(v, v=1
IR
(gl ,v=0

Figure 2.3: Vibrational SFG.

sists of an infrared-active process to excite to the firstatibnal level followed
by a Raman process absorbing the VIS light up to the virtiesand then the
emission of SF light down to the ground state. The Raman psoiseanti-Stokes
for SFG and Stokes for DFG. Thus molecules must obey thetsmewles for
both IR and Raman spectroscopies to exhibit a resonant 8&lsig

Shen derived an expression fgf) . for molecular co-ordinatels m andn,

using a coupled wave approach and perturbation theory e 171],[56] with
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adaptations from [57])

NAMimAp

) _

(vsly),. = Y P— (2.29)
An = (glefn| V),

Mlm:Z (viefml ) (slefilg)  (vIefi|s) (slefml 9)

S h(wsp — Wsg T+ |F5_>g) h(wws —Ws g T IFS_>9)

whereA,, and M, are the IR and Raman transition momesefsis the dipole op-
erator,v, sandg refer to the vibrational, virtual (intermediate) and grdwstates,
Ap is the population dierence betwee(g| and({v|, w, andr’, are the vibrational
resonance frequency and half-width, adds the density of surface molecules.
This means that the second order resonant susceptibilpyosortional to the
probability of an IR transitionA,, and a Raman transitionyl,,,, with an overall
(square rooted) Lorentzian profile.

Hence the resonant polarisation in the frequency dorﬁ%ﬁfés, for one domi-
nant transition can be expressed as

ErE
(2) M IREvIS
PRES (wSF) o« AnMim (CUSF) —CUIR R il_,v,

(2.30)

and the total susceptibility, from equations 2.27 and 2c28,be written as

An

AP = A+ ) pr— (2.31)

wp + 11,

whereA, andg are the magnitude and phase of the non-resonant contmbatial
An, wp, I'y are the amplitude, frequency and half-width of the resoeahshould
be remembered that, due to the complexity of both contiimsti and the phase
relationship between them, the form of SF spectra is notgsecay as intuitively
obvious as for absorption spectroscopies. The SF inteissfigoportional to the
square of equation 2.31 and so the resonant contributioni®fritensity should

be Lorentzian in form.
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Equation 2.31 provides a good working model to fit SF spegrayiding
the width of the VIS pulse isfeectively aé-function. However, due to the re-
ciprocal relationship between time and frequency, ulharslaser pulses have
a large bandwidth (section 3.1.2). This has a major advantagany form of
spectroscopy as the large bandwidth removes the need tdlse#R source over
a range of frequencies, and instead provides an envelopeaidncies within
which all spectral features are visible. This was first exptbfor SF studies with
a femtosecond laser on self-assembled monolayers by Retra [58].

There is however a disadvantage to this in that the VIS beansuslly in
practice produced by the same laser oscillator as the IR jaadhif the VIS beam
has a finite spectral width then this has #ieet on the frequency resolution of the
experiment. Each frequency component of a broadband beaapable of up-
converting the IR transition to give an SF emission (figu and the resultant
spectrum has its spectral features broadened by the widieo¥IS pulse. In
effect, the spectral profile of the VIS beam is convolved with 8fespectrum
[59, 60]. Thus in broadband SF experiments with femtosetaser systems, the
VIS pulse must be spectrally narrowed to maintain specesblution. Part of
the experimental setup described in the next chapter issthstiction of gulse

shaperto do just that.

2.3.3 The Free Induction Decay

The total width of a vibrational resonance is given by [61][&2, page 12]

2 1 2
AroraL = — = —

< 2.32
T, T Ty (2.32)

whereT, is the time-scale of the population decay,is thepure dephasingme
and T, is known as theotal dephasing time.T; measures the time taken for

individual oscillators to decay to the ground stallg measures the time taken for
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oscillators to become mutually out of phase with one anptbeexample due to
substrate phonon processes. The latter process is analtgdephasing in NMR
[61].

It is possible to obtain the total dephasing tifiefrom the linewidth using
more traditional spectroscopies. However, ultrafastriapeovide a tool to mea-
sureT, directly with far greater accuracy than any linewidth measent. This
is known as dree induction decayneasurement (FID) and involves collecting SF
spectra with varying IR-VIS time delays. The IR beam sets pplarisation in
the adsorbate, and the VIS beam arriving a short time inltéater up-converts
the energy of the polarisation to the virtual state and tHufdht is emitted. The
longer the delay, the fewer oscillators will still be in thecéed state (i.eT,) and
still be coherent with other oscillators (i’E;). Hence, by plotting the SF intensity
as a function of delay, one gets a direct measurement of tnkication of these
two effects, i.e.T,. This was first achieved for a surface-adsorbate system for
a H terminated 3111} surface in 1990 [64]. First results formetaladsorbate
system (CO on Cu11}) were produced by Owrutskgt al. [65] in 1992 using
a picosecond laser system. This requires a much better &swdution because
electron-hole pair-induced damping rates are an order ghrmade faster in met-
als than in non-metals. Unlike spectrally resolved SF a@rpants, these require a
spectrally broad (temporally narrow) VIS pulse.

From [65, 60, 66] the SF polarisation as a function of time EWIS delay

7 is given by
t

PP (t,7) = Eys (t - 7) {a f Er ()xQ(t-t)dt’ +BER (t)} +cc (2.33)

—00

The fast oscillations of the incoming electric fields haverbemitted as their
time scale is much faster than the free induction decay atid®&iaveraged out
in the next step. The term in curly brackets can be dividedntip the resonant

interaction of the IR field of strengthand the non-resonant interaction of strength
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B. x&.(t) is the response function in the time domain of the adsorbgts to the
IR field, and the total response at tirhés the integral of this response function
with the temporal profile of the IR electric field. This totalsponse then beats
with the field of the VIS pulse, which has been delayed witlpeesto the IR field
by timer. The intensity of the SF signal is given by time averagingstpeare of
the polarisation
s (7) = f ) P (t, 7)[" ct. (2.34)
The form of)(gés(t) depends on t:e amount of inhomogeneous (i.e. heteroge-
neous) broadening of the vibrational transition of the cicahsystem in question.
For a pure Lorentzian line (in the frequency domajrﬁés(t) will take an expo-

nential form with a decay constant equallig i.e.
@ (1) = g2 235
XRES( ) € . ( . )

In this case, equation 2.33 with equation 2.35 substitidezimply the Fourier
transform of the general form of the SF polarisation in thegfrency domain
(equation 2.30, withH" replaced by 1T,), for VIS pulses well away from reso-
nance [67]. However, for an inhomogeneously broadenectsysior example
in an adsorbate layer in which the local environments ofllagors are diferent,
then a range of oscillator frequencies will lead to a nonelntzian lineshape, and
a distribution ofT, times.

Rokeet al. [66] have used this to distinguish free induction decaymft-
mogeneous and inhomogeneous systems. Based upon work 6&n64, 69]
they have fitted FIDs from an inhomogeneously broadeneasy§C-N stretch
of acetonitrile on a gold film) using a Gaussian distributdii, values. The fit of
this system to a purely exponentj&ifés(t) is very poor. They do, however, suc-
cessfully fit the homogeneously broadened C-H stretch o$dinee system using
a pure exponential, and thus can distinguish the two typeysiems from FID

measurements.
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The experiment described herein was initially set up togrerfbroadband
SF measurements in the frequency domain, and femtosecnadésolution FID
measurements in the time domain. The development, implatiem and day to

day running of this experiment is the subject of the next tdrap



Chapter 3

Experimental Development

3.1 The Laser System

3.1.1 Overview

In order to perform time resolved vibrational sum-frequesiectroscopy, sources
of infrared and visible ultrafast laser pulses are requidthese pulses originate
from one source in our laboratory: the Femtosecond Oswili@pectra Physics
Tsunamj. This is pumped by a 10 W argon ion laser. The pulses are then a
plified by a Spectra PhysicBSAregenerative laser amplifier, which in turn is
pumped by a Nd:YAG laser with a repetition rate of 10 Hz. Thisiagement is
shown schematically in figure 3.1 and photographically inig3.2. The train
of pulses from the amplifier is then split into two variabletpa One of these is
passed into an Optical Parametric Amplifier (OPA), whichus tunable source
of mid-infrared light. The other is passed through a selftipulse shaper which
allows the pulses to be spectrally narrowed for good sple@salution, or to be
passed unaltered for good temporal resolution. This sesimuld be read in

close conjunction with the next chapter, which describssri@ulse characterisa-

33
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tion techniques.

The laboratory is air conditioned to a tolerance of one de@elsius as all
the lasers are sensitive to quite small temperature fluongtespecially the os-
cillator. The oscillator ceasing to mode lock is often thstfsign of the air condi-
tioning failing, often hours before people would otherwiggice. We have very
recently enclosed the entire main laser table with a self+inetal framework (not
shown on figure 3.2), from which hang 20 cm wide polythengstio keep dust
and air currents away from the lasers, whilst simultangoaitbwing easy access
and beams to emerge where needed. This frame has a doulgelptarbonate
“roof” which stops the quite large air currents from the ainditioning dfect-
ing the optics, and acts as a resting place for the polytheips svhen access is
needed to the table. In the centre of the “roof” there is noaraihar flow fary
filter unit so that the lasers areffaiently cooled without having draughts directly

aimed at them.

Nd:YAG Laser (amplifier pump)

Regenerative Ti:Sapphire Amplifier

ﬁsoo nm.,150 fs., 4mJ pulses @ 10 Hz

)

\— Femtosecond Ti:Sapphire Oscillator Argon lon Laser (oscillator pump)

Figure 3.1: The femtosecond laser system.
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Figure 3.2: Photograph of the laser system, showing clockwise from bottom
right: the argon ion oscillator pump laser, the Tsunami femtosecond oscillator,
the TSA amplifier and the Nd:YAG amplifier pump laser.

3.1.2 The Oscillator
Pulse Generation

Central to all that is to come in this discussion is the ide¢hefreciprocal rela-
tionship between time and frequency — the Fourier transfdditrashort pulses
essentially originate from the ultrawide emission speutaf the lasing medium.
The medium in question is Titanium Sapphire, a crystal madadaing TpO3
into a melt of ALO;. A small percentage of the Al ions are replaced by i
ions. This produces a medium in which the spectra of absor@nd emission
are both remarkably wide (figure 3.3). In theory at least, mmssion spectrum
of ~ 150 nm can produce pulses as narrow-ak fs. The spectral properties of

Ti:Sapphire are discussed in more detail in [70].
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Figure 3.3: Ti:Sapphire absorption and emission spectra.

A temporally confined laser pulse should, by the uncertginityciple, have a
wide spread of energies, and hence frequencies. That isyi@saave packet
localised in time will consist of many Fourier componentshisTis generally
achieved by forcing all the modes (or frequencies) presemt laser cavity to
lase together simultaneously, and hence to superposee¢hesdnto the form of
a wave packet. This process is known as temporal mode-lg¢kin chapter 8.6].
It is usually achieved by introducing some controllablerggdoss process into
the laser cavity such that undesired modes are eliminayd Early attempts at
this used an acoustic wave shutter which scattered light freodes not required
in the pulse. Another method involved placing dye jets indaety, to absorb or
amplify certain frequencies. An intense pulse would blagaetdye, thus reducing
loss of the modes in that pulse, and hence selectively petjpapthat mode [73].
Ti:Sapphire was originally incorporated into lasers agp#aeement for dye lasers,

mainly for aerospace applications. However, it was fourad ghsimple laser de-
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sign using Ti:Sapphire produced very short pulses, witlt@liberately setting
about to do so. Theffects ofself mode-lockingpad been observed [74, 75, 76].

High reflector \

Compensating
prisms

Pump beam

Output
beam

g,
'4

LTIV

'Ti:Sapphire

L crystal

Figure 3.4: Design of a simple Ti:Sapphire laser.

A design for a basic Ti:Sapphire oscillator is shown in figBi It consists of
a fairly long cavity, as this determines the temporal spabetween pulses. Due
to its length, two additional mirrors are used to focus thatgebeam tightly in
the Ti:Sapphire rod. Self mode-locking relies on the faat the refractive index
of Ti:Sapphire is nonlinearly dependent upon pulse intgnsiaser beams have
an approximately Gaussian intensity profile [71, chapterad thus the beam
is more intense in the centre of the lasing rod. This in tukegia diferential
refractive index through the crystal’s cross section, sy turning the rod into
alens (a so callederr Lens[71, p344-345]). This selectively focuses high power
modes, localised in time, and by arranging the cavity mirtorexploit this, self
mode-locking of the shortest pulses can be achieved. Aalishort “seed” pulse

can be generated by many methods, the simplest of which if\ysigally tap
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the laser. The prisms in the basic design compensate foraitve dispersion
produced in the Ti:Sapphire rod [77, 75]. Thi¥eet is caused by the fact that the
refractive index of most materials, and hence the speedbf in that medium,

is a function of wavelength. In the laser rod the longer wawgths travel faster
than the shorter wavelengths, and over many passes throegavity this would
separate in time (ochirp, section 4.1.3) the wavelengths and modes present in
the cavity. The prism pair produces a spectrum of the putsesthen forces the
longer wavelengths to travel further, hence slowing themrdorhe spectrum is
then recombined in the second prism. This concept is fugkyloited in the laser

amplifier, see section 3.1.3.

The Tsunami

The commercial femtosecond oscillator we use is produce8gm®ctra Physics
[78], and is theifTsunamimodel. The absorption spectrum of Ti:Sapphire, figure
3.3, makes it particularly suitable for pumping by an Argon laser source. Our
oscillator pump is a Spectra Physics Beamkapable of supplying a contin-
uous wave pump beam of up to 10 W in power, although the dayyowaning
power is around 7.5 W. Th&sunamiproduces 800 nm pulses of around 90 fs in
length, vertically polarised; see page 106 and figure 4.8 foeasurement of this.
The cavity length is such that a repetition rate of around &2N$ achieved, and
the average power is about 1 W. Figure 3.5 shows the inteowdiguration of
the Tsunami The AOM is an acoustic-optical modulator which assistsititéeal
mode locking of the laser and provides stability of the rejpetrate. The disper-
sion compensator consists of four prisms, and in the cemtiflesoconfiguration
(whilstthe beam is spectrally spread) there is a slit cdingj®f two movable knife
edges. This allows a particular part of the spectrum to bectsd, thus enabling

user control over the bandwidth and centre wavelength. 8fgaly the spectrum
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of theTsunamusing a dedicated rotating grating spectrograph (Reesimsits)
connected to an oscilloscope, and adjust the micrometeihwelontrol the slits
accordingly. Successful mode-locking is indicated by atrspectrum, with no
continuous wave “breakthrough”, which would manifestlitas a delta-function

in the spectrum. A typical spectrum from the spectrograpshiswn in figure
3.6. Apart from this adjustment, the main day to day alignimearely consists

of fine adjustment to the end reflectors to optimise the owtpetgy. The argon
ion pump and th&sunamitake around an hour to warm up before use, and are
generally trouble free if kept at a very constant tempeegatund are not subjected

to mechanical shocks.
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Figure 3.5: Schematic of Spectra Physics Tsunami femtosecond oscillator.
Adapted from that given in the manual.

3.1.3 The Amplifier

The Tsunamiproduces pulses of around 10 nJ in energy. A much higher gnerg
than this is required for nonlinear applications, so an #mplforms the next

stage of the laser system. The amplifier is a Spectra Phygmsidm Sapphire



40 CHAPTER 3. EXPERIMENTAL DEVELOPMENT

T90nm SO00nm 81 0nm

Figure 3.6: A typical spectrum of the Tsunami oscillator displayed on an oscil-
loscope. The numerical scale has been added for clarity.

Amplifier (TSA). It is pumped by a Nd:YAG laser. | shall dissuhis pump laser
and then outline the main principle of the amplifier's opemt chirped pulse

amplification (CPA).

The Nd:YAG Pump Laser

The TSA is pumped by a Spectra Physigganta RayNd:YAG laser (Nd:YAG

is the lasing medium, Neodymium doped Yttrium Aluminium G&tr[79]). This
laser uses pulsing electrical discharge lamps to excite:&A@Irod. The laser
cavity has a controllablguality factor, allowing deliberate losses to be introduced
into the cavity by an electro-optical switch. This enablésrge population inver-
sion to be built up in the lasing medium by suppressing lagihist the cavity is
lossy. The energy stored in this way can be suddenly relessad intense pulse

by switchingthe quality factor of the cavity to high. Hence this form of aeo
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locking (section 3.1.2) is known &3 switching[71, chapter 8.4]. Nd:YAG lasers
produce nanosecond pulses at 1064 nm, but to bring thishetalisorption band
range of the Ti:Sapphire (figure 3.3) used in the amplifigs, itequency doubled
with a nonlinear optical crystal to 532 nm. Our Nd:YAG laspemtes at a 10 Hz
repetition rate, which defines the repetition rate of the lhaser system. This
generally gives higher amplifier energies, but lower siighithen compared with
1 kHz systems. The latter is largely due to a low repetitida edlowing thermal
cooling of optical components between pulses. The amgiificasystem in use
was originally purchased for gas phase studies where a higigg was needed,
but for pumping an OPA for infrared studies stability woukldfauch more desir-
able. A higher repetition rate also allows spectra to beectid faster. We have
recently converted the Nd:YAG cooling system from the avadiclosed loop wa-
ter and air cooling system to a system thermostaticallyasbbi/ the high pressure
water system in our building. This has seen great improvésnarthe stability
of the amplifier during a working day. The discharge lampsiusehe Nd:YAG
laser gradually deteriorate, and during intense experiah@gctivity may have to
be replaced every month or so to keep the TSA running to thdisganeeded by
the OPA.

A further improvement to the reliability of the amplificaticcystem has in-
volved removing the feet from the TSA and screwing its basectly to the op-
tical table. This has reduced the tendency of the entire T&#ng to warp with
physical and thermal pressures, thffeeting the cavity length and lasing perfor-

mance.

Chirped Pulse Amplification

| described in section 3.1.2 above how Ti:Sapphire seléises an already intense

laser beam. If a Ti:Sapphire rod were to be employed in aelaiser amplifier as
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the lasing medium, the extraordinary intensities produmethis would quickly
destroy the crystal. CPA [80] gets around this problensbgtchingthe ultra-
short pulse in time, thus reducing its peak power, then dyapdj it, and finally
compressinghe pulse again talmostreturn its original short duration, figure 3.7
[71, sections 12.3.1 and 12.5]. Given the reciprocal retestnip between time and
frequency, given by the Fourier transform, one way to stret@ulse is to split
the pulse up into its spectrum, allow the higher frequenbjugr”) light to travel
further in space than the lower frequency (“redder”) ligirtd then recombine the
spectrum in a further grating, figure 3.8. This introducgmsitive group veloc-
ity dispersion otherwise known as a positivahirp - the frequencies present in
the pulse change over the pulse duration (see section 4l dfails on how to
measure chirp). This spreads the power present in all frexiee over the pulse
duration, and hence reduces the peak power. After ampidicdihe chirp can
be removed by a similar arrangement, this time the low fraqies are delayed
with respect to the high frequencies. This latter procesgastly the same as that
employed in a femtosecond oscillator using prisms to renmbgegoositive chirp

introduced by the lasing medium, see section 3.1.2 above.

STRETCH AMPLIFY COMPRESS

Short, weak pulse Short, amplified pulse

Figure 3.7: Chirped pulse amplification.
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Figure 3.8: A pulse stretcher. Compression may be performed by the inverse
process.

The TSA

Our TSA is not a standard production unit, as it was in facttlinyi a previous
coworker in theSpectra Physickactory using their parts but to a slightlyftérent
design. The TSA has four main stages. As described abo\as & pulse stretcher
to avoid damage to the optical components during ampliGcatiThen it has a
regenerative amplificatiostage, followed by a two-passultipass amplification
stage (or “double pass” stage). Finally, there is a pulsepcessor which nearly
restores the original pulse width. See figure 3.9 for a dmdathematic. Overall,

it produces pulses of around 4 mJ at 800 nm, at a repetitierofat0 Hz.

The following description of the operation of the TSA is wiference to the
key letters on figure 3.9. Also table 3.1 on page 47 lists thargation of the seed

(amplified) beam as it passes through various stages of the Tise vertically
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polarised pulse train from thesunam({in red) enters at the top of the diagram and
passes throughRaraday Isolator [a]. This is in éfect an optical “diode” which
allows passage of light in one direction only, thus stoppang back-reflected
pulses from the amplifier reaching and damagingTieenami This also changes
the polarisation to horizontal. The pulse train passes averirror [b] and is
incident on the stretcher gratiifcj. This grating with the curved focussing mirror
at[d] and a plane mirrofe] form the pulse stretcher as described above. In fact
only one grating is used compared with figure 3.8; mirfdisand[e] are arranged

so that the light is incident on the one grating four timesive ghe sameféect as

the arrangement with two gratings in figure 3.8. This makestistem cheaper to
manufacture and also ensures consistent alignment. Ttexpaf beams on the
grating is shown in figure 3.10. The stretched pulses thes Ipask below their
incident path on to the mirror @b], and finally via a “twisted” periscope (which
changes the polarisation again) and another mirror on tditsapphire rodf] .
Meanwhile, the Nd:YAG 10 Hz pulse train enters from the lefhtl side of the
diagram, shown in green. Approximately 25% of this energyefiected from a
beam splittefm] on to the Ti:Sapphire rod. The remainder is used to pump the

double pass amplifier.

| shall now describe how a single stretched pulse fromThenamis regener-
atively amplified. The now vertically polarised pulse refdeat the Brewster angle
from the Ti:Sapphire roff] and passes along the dashed path througbciel’s
cell [g]. This is a device which can rotate the polarisation of lighew subjected
to a large electrical potentialfiierence. This potential is turnedfat this stage,
and remains so for the duration of the first pass of the anmplifiee pulse passes
through a quarter wave plaig] which rotates its polarisation by/4. Having
then been reflected from the first cavity mirfdr and passing back through the

A/4 plate once more, its polarisation has been rotated/Byin total. It passes
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Figure 3.9: The TSA regenerative amplifier, see text for key. Based upon that
given in the manual, but corrected for our non-standard unit; colourised and
key added for clarity.
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Figure 3.10: Correct light pattern on the stretcher grating.

through the laser rod, picking up energy from the rod’s exiwn by the Nd:YAG
pulses, then straight through the polarisgj athrough a second Pockel’s cg]
(which is af) and is reflected from the second cavity mirfipr It passes back on
to the polariser, at the Brewster angle. Because the putsartdergone a/2 ro-
tation from the quarter wave plate, it passes straight tjindbe polariser and then
back through the rod. By the time the pulse reaches the firdtd?s cell[g] again

it has been activated such that is acts as a quarter wave @latively resetting
the pulse back to its original polarisation over two passethat in combination
the quarter wave plate has no furthéieet. Thus the horizontally polarised pulse
is trapped in the cavity. After a user defined interval (segnahent description)
over which the pulse may be amplified by as much &sth@ second Pockel’s cell
[K] is activated to rotate the polarisation b2 before the pulse passes through
the polarisefj] for the last time. This change of polarisation to verticalses the
pulse to be reflected from the face of the polariser at the Bi@vangle and hence
to be ejected from the cavity. At the end of this stage thegsuésin be up to 5.5

mJ in energy.

The next stage is a simple double pass amplifier in which theeppasses
through (once in each direction) a second Ti:Sapphireatjyst which is pumped
by the remaining 75% of the Nd:YAG beam. This stage will afyghe pulses to

about 12 mJ. A telescope arrangem@tenlarges the beam and a second twisted
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Afterthis stage. .. The polarisation of the seed is. | .

Tsunami \%
Faraday Isolator
First Twisted Periscope

Trapped in Cavity

Released from Cavity

I < I < =T

Second Twisted Periscope (& exit)

Table 3.1: Polarisation of the 800 nm beam as it passes through the TSA.

periscope converts the polarisation to its final horizostate, before the beam
passes on to the compressor grafippvia mirror [r]. The compressor grating is
mounted on the same rotatable stage as the stretcher d@dtiegabling the angle
of one to be precisely complementary to the other; thus inrtheompensating
exactly. The remainder of the compressor consists of pdikexical [s] and
horizontal[q] retro-reflector mirrors. The latter of these is mounted oraadla-
tion stage which allows it to be moved closer to or furtheryaiam the grating,
giving control over the amount of pulse compression whictuog. The correct
pattern of the four passes of the beam on the compressangrashown in figure
3.11. After the final grating pass the beam passes over thhemif and out of
the amplifier, at about 5 mJ per pulse, the losses being miainhye compression

stage.

Figure 3.11: Correct light pattern on the compressor grating.
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Alignment

The TSA is one of the most complex and troublesome compoménte entire
experiment. Basic alignment has to be performed each daysametimes re-
performed during the day. Temperature gradients and clsangee lab caused
by baking the UHV chamber (see section 3.2.1) adversééciathe entire laser
system. The TSA is used at maximum output power and up to itaifaaturers’
specifications; and, in terms of stability for use with an QRAust exceed those
specifications —Spectra Physicspecify 10% stability, but in fact 2% is needed
for the OPA. | describe here the basic alignment procedu@nlete realign-
ment of the laser cavity is beyond the scope of this thedispagh it has been
performed by us on occasion. Everyday alignment is perfdrmiéh an energy
meter (Ophir), thermal burn paper to check spatial mode ggpttbtodiode (Posi-
tive Light) connected to a fast oscilloscope (LeCroy Wawarr) which monitors

stray cavity light from behind mirrdt].

The TSA cavity, with the incomingsunamiseed beam blocked and the sec-
ond (exit) Pockel’s cell disconnected is in fact a free rmgriaser in its own right.
The intensity profile over time from the photodiode is showfigure 3.12. The
time axis is with respect to the Nd: YAG pump pulse enterirggdavity, and shows
how the 800 nm pulse loses energy as it is reflected aroundhthiy @and as the
population inversion builds up and decays in the amplifi@ssng medium. The
key to aligning the TSA is to ensure that pulses spend asfittle in the cavity as
possible whilst still being amplified iiciently. This is because refractive com-
ponents in the cavity will inevitably introduce some dispen (chirp) into the
pulses, so the pulses should pass through these as few srpessible. With this
in mind, the first step is to ensure that the free running lpatse occurs as early
as possible after the pump pulse enters the cavity. Adjustofehe angle of the

frequency doubling crystal in the Nd:YAG laser can improles ty increasing
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Figure 3.12: The intensity profile wrt. time of the TSA cavity in free running
mode. The time axis on these oscilloscope traces is 50 ns per square and
the Nd:YAG pulse occurs 285 ns before the left hand edge of the trace in this
case.

the output power of the pump. This crystal and the Nd:YAG fleshp energy
should be occasionally adjusted so that the average enttigg Nd: YAG laser is
2.1 W. The free running cavity beam should also pass througwo alignment
irises provided in the cavity; this can be checked with anairgd “night-sight”
style viewer. Occasionally adjustment of the cavity endrong is necessary, but
this should be a last resort.

Meanwhile the seed beam enters the TSA via two irises. Th arfghe
stretcher grating rotation stage should be adjusted tetipattern matches that in
figure 3.10. When the seed is allowed into the cavity, withstigond Pockel’s cell
disconnected, the intensity measured by the photodiodeniges that in figure
3.13. Each of the small peaks corresponds to a round tripeotilinafast pulse
through the cavity. The seed beam should overlap the fregnmgrcavity beam on

the laser rod and on the cavity end mirrors (this can be viemigdthe infrared
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Figure 3.13: TSA with seed beam trapped in the cavity. Nd:YAG pulse occurs
160 ns to the left of the trace.

viewer). From figure 3.13 one can see that there is a optimoma tor a pulse
to spend in the cavity to gain maxiumum amplification. Therusay set the
time which the pulse spends in the cavity with a dial on theketg cell control

electronics, and with the second Pockel’s cell connectedptimal pulse dump
time gives a cavity intensity plot like that in figure 3.14. i¥tmust be studied
carefully to allow fine tuning of the seed beam dump time touemsnultiple

weaker pulses are not dumped. The dump time déestathe stability quite
dramatically as well as the output energy and in general rataigle pulses are
achieved with longest dump times. Finally, the last steenmrror of the pump

beam and the steering mirrors into the cavity for the seethtsteuld be adjusted
to optimise output energy and to ensure the pulses leaveathty @s early as
possible. Also, the cavity mode and spatial profile shouldhseked with thermal
burn paper to ensure the single regular round spot M de is being produced

rather than, for example, the double spot T Mhode.
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Figure 3.14: TSA with seed beam leaving the cavity after the optimal delay (in
this case the delay is 321 ns from the Nd:YAG pulse). Nd:YAG pulse occurs
160 ns to the left of the trace.

With the seed beam now centred on the Ti:Sapphirdmpth the double pass
amplifer, the pump for this part of the amplifier should beestel to maximise the

energy output from this section. The mode should also bekelukeafter this stage.

With the stretchef compressor grating assembly removed (and the seed beam

blocked), the free running cavity beam should now pass albegame path as

the incoming seed to the stretcher, and through two irisegigeed for this pur-
pose, although it is not necessary to do this every day. Wetgtating assembly
reinserted the pattern on the grating should resemblenHajure 3.11. The ad-
justment to the compressor lendtij to ensure the shortest pulses may be under-
taken by (a) watching the intensity of the frequency douldetbut beam when

put through a BBO crystal set to the correct angle, (b) by kingcthe perfor-
mance of the OPA, (c) by using an autocorrelator (sectior2)dr (d) frequency

resolved optical gating (FROG - section 4.2). FROG givesoa @i the frequen-
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cies present in a pulse as a function of the time duration @fpihlse and gives
feedback on more serious misalignments of the compressendure all chirp is
removed. A typical FROG from the TSA is shown for referencégare 4.6 dur-

ing the discussion in the next chapter on pulse charactemsal he beam should
be visually inspected on a white card for signs dfrdiction (stripes) indicating

that the beam is passing close to or being blocked by noramimponents.

3.1.4 The OPA

The Optical Parametric Amplifier (OPA) provides a sourcendfared laser radi-
ation tunable from 3—1im. The nonlinear process which underpins its operation

is described in the previous chapter in section 2.2.2.

TOPAS

Our commercial OPA is a femtosecond version Travellingev@ptical Paramet-
ric Amplifier of Superfluorescence (TOPAS) designed by Ligbhversion Ltd.
[81, 82, 83]. It is capable of producing pulses of 3+ by taking the dter-
ence frequency of the signal and idler waves produced in &% ®he combined
signal and idler output is around 3@0 per pulse and the mid infrared output is
around 1QuJ per pulse. We have measured the temporal width to be 24@ than
spectral width to be 150 crhat 5um output (section 4.3.3). A basic outline of its
operation is given in figure 3.15. The design of the TOPAS &hdhat only one
BBO crystal is used for all 5 stages of amplification in the Gieation, due to the
high cost of such crystals and the need for a consistent phasehing angle to
be maintained. The first pass generates a broadband souigbtddy intensely
focusing around 5% of the pump onto the BBO crystal and géingravhat is
known assuperfluorescencg8, section 21.7]. The second and third passes se-

lectively amplify the signal wavelength component of thedatband light — the
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Optical Parametric Amplification Stage Difference Frequency Stage
one crystal - five passes

BBO Crystal iGrating AgGasS,Crystal
'Signal' beam E E
i 3-11pm
—————— ' - —> ----»repeat x1----»
i Mid Infrared
<> repeat x1--» 11
‘Idler' beam
Parametric Generation Self Amplification Pumped Amplification

Figure 3.15: Outline of TOPAS optical parametric amplifier.

idler is not amplified at this stage and isfectively dumped. The bandwidth of
the OPA is constrained further by reflecting the signal frothfraction grating.
Then the remainder of the pump beam is used to actively ayrplef signal and
idler; 5% on the fourth (pre-amplifier) pass and the rema&r80% on the fifth
(power amplifier) pass. This last pass leads to saturatidheoparametric con-
version process which reduces pulse to pulse fluctuationsllythe signal and
idler pass into a separate section which generates ffexehce frequency in an
AgGa$S crystal to produce mid infrared light. For example, to proelGum light,

the BBO crystal is set to produce the signal wave at 1380 nnaandler wave at

1900 NM,z5t— = zz=— + 15— Then the phase matching angle of the Ag&aS
crystal is set to give the flerence frequencyzs— — 55— = 55—, 1 he disad-

vantage of this system is that a very complex arrangemenassipe optics and
active path length controls is needed to route the beamghrthe crystal 5 times,
at the same phase matching angle each time. A (still simgi#B) schematic of
the optical layout of the OPA section is given in figure 3.16eTmajority of the
pump pulse (90%) is splittbby BS1 for the final 5th power amplification stage.
Then 10% of what is left is splitfbby BS2 for the fourth pre-amplification stage.
The remainder is focused by a lens system on to the BBO crygtaked NC on
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Figure 3.16: Schematic of TOPAS OPA section — taken from the manual.

the diagram). This crystal is on a motorised rotation stageniable frequency
tuning. Superfluorescence is now generated by the interzse Bad passes on to
mirror CM1 and back through the crystal (pass 2). The signdlidler pulses,
plus the rest of the broadband light are reflected from CM2mass back through
the crystal a third time. By now the correct signal and idiegtiencies will
have been selected by the BBO crystal from the superfluanescgpectrum, so
a diffraction grating (DG — again motorised) is used to narrow taedwidth
further. Meanwhile the fourth pass pump has been delayedibbgnsiM3, M3,
M3” and M4 and a glass plate (GP) which is on the same rotatiom staghe
BBO crystal to compensate for pathfféerences and directional changes caused
by the crystal angle. This ensures the pump beam arrivestmmbination at
beamsplitter M5 at the same time as the signal and idler. Tifr@ction grating is
on a mechanical delay stage which enables this delay to lbstadj The pump,
signal and idler now pass through the crystal again for thetficime and the sig-

nal and idler are amplified. The fifth pass pump has been dglayenirrors M9,
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M9’, M9” and M10, the last of which is on a motorised delay stage taropé
the temporal overlap. After the signal and idler are refi@étem M7 (this time
not passing through the crystal, but through a piece of glaskedaas TD on the
diagram) they are recombined with the rest of the pump onomsfM11 and M8.
Finally the pump, signal and idler pass through the crystattie 5th time when

the latter two undergo power amplification before leavirgy@PA section.

The signal and idler then pass into th&elience frequency mixer section (fig-
ure 3.17). The remaining pump beam is dumped by a beamsghtie shown).
This is of suficient energy to provide a pump beam for pump-probe specpysc
Being of diferent frequencies and having passed through dispersieziaiat the
signal and idler are not perfectly temporally overlappedhé stage, so beam
splitter BS1 separates the signal and idler allowing thaydbetween them to be
removed by mirror M3 and the delay plate. M3 is on a manualydstage for
coarse adjustment, and the delay plate is a piece of glassraiaised rotation
stage which can introduce a small amount of delay due to thagihg internal
path length as the plate rotates. The signal and idler acenmieimed by beamsplit-
ter BS2, which is motorised so that the angle of divergeneggpfal and idler can
be changed. Finally, they pass non-collinearly throughAp@&a$S crystal (which
is on a motorised rotation mount to optimise phase matchmg)ve the difer-
ence frequency. The non-collinear arrangement is [&&saent than a collinear
arrangement but allows the signal, idler and mid IR to beialyaseparated with-
out the use of a lossy filter. The three emitted beams are ateplan the vertical
plane, the mid IR at the bottom, the signal in the middle arddker uppermost.
The signal and idler are useful for alignment purposes asatesof higher energy
than the mid IR and they are each collinearly accompaniedwisilale harmonic
as a side fect of the nonlinear processes in the OPA — they déecavely be

seen as blueish green dots on a card (see section 3.3.4)afldhesmoved during
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experiments either spatially with an iris or by insertingltefi

Delay Plate
2 Ly (¥
&/ BS?2 7 F 8]
AgGaS,crystal
BS1 .
Signal I~
and
Idler

Figure 3.17: Schematic of TOPAS DFG section — adapted from the manual.

The TOPAS contains a total of six control motors: the BBO talangle (and
hence the output wavelength); the fifth pass pump tempoeday, the difrac-
tion grating angle; the éiierence frequency crystal angle; the signal-idler delay
in the mixer and the final signal-idler divergence angle.l&afcthese motors has
an optimal position for a particular mid-infrared outpuéduency. Selecting a
desired wavelength is achieved using a computer to accesskaup table con-
taining appropriate values for each motor and to interpdiatt the exact required
frequency. Upon installation and subsequent realignmiehiecOPA a set of em-
pirical tuning curves is taken by measuring the output wavglhs and energies of
the signal and idler waves whilst finely stepping the mot®tse software for this
is part of the package sold by Light Conversion. Whilst foetely dfering much
more long term stability than the TSA, the OPA does requireope realignment
and retuning, especially after a few UHV system bakeoutxolmteract this, the
OPA has been removed from the laboratory during bakeoutsy&weame to the

conclusion that more damage was done by the movement thdrakeeut. Ide-
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ally, realignment and tuning should be performed by one eiLithuanian based
design engineers and takes around 3 days (30 hours). Due todabnvenience
of this | have now learnt to do this procedure which takes nsé gwer a week.
The details of the realignment procedure are beyond theesabihis thesis, and
the reader is referred to the long and detailed instructianumal — but it should
always be borne in mind that the threshold for superfluoreseés close to the
damage threshold of the expensive BBO crystal. TOPAS is sengitive to the
condition of its pump beam, and requires ideally 2 mJ in en&rgh a stability
of around 2-5%, optimally short pulses with a good roundiapatode, and with
no phase front tilt— see section 4.1.4. Day to day pump alignment is performed
coarsely through the two irises A1 and A2 in figure 3.16, anelyiby measuring

the mid-infrared energy output.

3.1.5 The Pulse Shaper

As discussed in section 2.3.2, the spectral resolutionlhtional SF spectrosco-
py is dependent upon the spectral width of the visible pulsspectrally narrow
and therefore temporally long visible pulse gives high saécesolution. Some
groups, such as Richtet al.[58] achieve this by inserting a mirror into the com-
pressor assembly in their regenerative amplifier to divenball range of the spec-
trum out of the amplifier for use as the visible pulse. This ldowt be practical
for us, due to the geometry of our compressor. At the same @meption is
required to use temporally short visible pulses for freaugtimbn decay and pho-
ton echo experiments. To achieve that aim, we have consttucpulse shaper
capable of either selecting a narrow region of the visiblsg@gpectrum, or to
allow it to pass unaltered when needed. A grating based pu|s@nder is used to
transform the pulse into the frequency domain for bandwsdtlection, and then

transform exactly back to the time domain with no increasguise width when
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the full bandwidth is allowed to pass.

In the following, the terngroup-delay dispersio(GDD) refers to the second
order codicient in the Taylor series expansion of the relationshipveen the
phaseg of a pulse and its frequency, in a general dispersive situation, igé)%
in

~ de 1(d?p
¢—¢o+(@) (w—wo)+§(w

) (w - wo)2 .
wo wo
The relationship [71, page 349] between the time stretcfaor, Ar, the pulse

width, Aw, and the GDD is given by

d?¢
Ar= '(@)W

For a general pulse expansion system consisting of twongs&and two lenses
(figure 3.18), the GDD is given by Martinez [84] as

Aw. (3.1)
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wo
whered is the grating spacing] is the angle the normal of the grating makes
to the optic axis s, , are the distances from the first and second gratings to the
first and second lenses aridis the focal length of each lens. From equation
3.2 and figure 3.18 it can be seen that, in general,sfgrand f the paths of
higherandlowerfrequencies will no longer spatially or temporally exit fyestem
simultaneously — in the setup shown in figure 3.18 the highlawdrequencies

are separated along the spatial width of the exit beam, amdbti frequencies
travel further than the high frequencies. However, if thetes is set up such that

s = S = f, then equation 3.2 shows that no GDD will be introduced, ath

via equation 3.1, no time expansion will occur. Also, thehhagd low frequencies

will then emerge along the same spatial path. Given thatritaagement is then
perfectly symmetric, it is better to use just one grating and lens; and use a

mirror to exactly bisect the arrangement in figure 3.18 afidecethe beams back
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through the same lens and onto the same grating once mogemirnor should be
vertically tilted to allow the incoming and outgoing patbge spatially separable.
A slit can then be inserted in front of the mirror to select agartion of the
spectrum to increase the spectral resolution when needheslislithe arrangement
we have used and it is shown schematically in figure 3.19 awtoghaphically
in figure 3.20. The grating has 1200 grofresn (made by Spectrogon) and
is mounted on a rotation stage which also allows slight gattiilt, and is set
to an azimuthal angle), of around 17 for maximum energy in the first grating
order. The focal distancd, and separation distancs, are around 16 cm and
can be changed by moving the optics on the rail. Each is alsa mmniature
translation stage aligned along the direction of the railfime adjustment. The
lens is on a vernier rotation stage to allow for exact alignnoé the lens axis with
respect to the optical axis, and the mirror is held in a stech@B adjustable mirror
mount. The slit assembly (Edmund Optics) consists of twahietife edges, the
distance between which, and hence the selected bandwsddldjustable with a
micrometer. The maximum slit width is 6.35 mm, as is the hegjtthe slit. It

IS mounted, via a system of metal posts, on a lateral traoslatage to select the

S f f S

grating

lens

Figure 3.18: A general pulse expander.
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section of spectrum required. This stage is mounted on thbehindthe mirror,
and the post system ensures that the slit is suspended tnofrtimee mirror. The

slit is removed and inserted by either sliding the assembilyrda collared post,

or by rotation. The exiting beam is in a plane slightly belt.attof the incoming
beam (adjusted by the incoming mirrors and the verticabfithe shaper mirror)
and it is picked €& by a square mirror placed just under the path of the incoming

beam (shown in the centre of figure 3.20).

With the slit removed, the pulse shaper is first geometgcaigned by eye
and a ruler, then finely adjusted using FROG (section 4.2ichwtietermines the
temporal and spectral characteristics of the pulse. TheG-R@ce of the TSA
output is compared with the FROG trace of the pulse shaperé$g4.6 and 4.7
in the next chapter). The shortest pulses with the leaspdrie achieved by
adjusting the distances along the rail and the angle of the |&mall changes
make a very large élierence indeed. Once this has been optimised, two irises are

inserted in the incoming beampath for future reprodudibiliChe output energy

s (~f) f

grating lens A ~ A -—_ v

Figure 3.19: Schematic of the pulse shaper.
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Slit Assemblg
(rotated 90
to insertion
orientation)

Mirror (behind slit)

Half-wave Plate
Iris
Pick-off Mirror

Figure 3.20: Photograph of the pulse shaper. The white OPA is seen as the
left backdrop and the TSA and Nd:YAG laser are in the far background.

from the shaper is then measured, and along with the centrelevagth is used
as a reference to check for accurate reproducibility uporsegtion of the slit at
a later stage. Details of the characteristics of the nardovigble pulses used in

spectrally resolved experiments are given in section 4.3.3

The operation of the pulse shaper has been simulated usikgrand Soft-
ware’s Apple Macintosh based CyberRay program. One vieWwaphoton traced
3D image produced is given in figure 3.21. It was produced mkating broad-
band 800 nm pulses, with a Gaussian beamwaist, and neathgs$taov our pulse
shaper takes a broadband source, and produces a narrowdipotiaith the same

spatial size and divergence as the incoming beam.
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Figure 3.21: Photon traced simulation of the pulse shaper, using CyberRay.
For clarity, the image is shown at a 90° anticlockwise from left rotation around
the main optical axis as compared with figures 3.19 and 3.20. The incoming
broadband beam is multicoloured in the background, and the outgoing narrow-
band beam is green in the foreground. Left to right are the grating, lens, slit
and mirror.

3.2 The UHV Chamber

Sum frequency spectroscopy is adaptable enough to be usedamety of envi-
ronments. Unlike many surface probe techniques, a vacumimoement is not
requiredper se Indeed, when setting up the SFG system the technique wes pra
tised in our lab on the benchtop — see section 3.3.4. Howéwestudy well
ordered single crystal metal-adsorbate systems, ultfavaguum is required.
This is both to maintain the cleanliness of the surface freamt@minants which
might alter the chemical processes which we wish to study@mtause many of

the traditional surface characterisation techniquesiregacuum.
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3.2.1 Overview

Our laboratory is equipped with a UHV chamber made by Vacuwsnegators,
originally used for Electron Energy Loss Spectroscopy (BE&tudies — a pho-
tograph is given as figure 3.22. The sample is suspendedalyrtby a 3D ma-
nipulator (at the top) and can be moved between two main arpatal levels.
The upper level has a quadrupole mass spectrometer, LEEBnsy®n sputter
gun, gas dosing valve plus optical windows. The lower |leasl tptical windows,
an electron gun for AES and a Getter source for alkali meyarldeposition. Itis
this level which is used for SFG experiments. The chambetatosia hemispher-
ical analyser for Auger studies mounted on a gimbal and goeter assembly to

allow movement around the sample.

Pumping

The pumping system is represented schematically in fig@& 3.he main cham-
ber is pumped to rough vacuum (Embar) by an Edwards rotary pump. Then
an oil difftusion pump (backed by another rotary pump) is used to takesttieum
down to around & 10-° mbar, after bakeout. Thefflision pump has a liquid ni-
trogen cooled trap between the chamber and the pump. This badilled twice

a day whilst undertaking experiments so that oil partictesnfthe pump stick to
the cold trap. The rotary pumps both have sorption traps fteatgppump oil and
other impurities from the line. The fiiusion pump requires both continuous elec-
trical and water supplies (the latter for cooling). Due totoual disruptions in
recent years to these two services in our building, we haventéy fitted an ion
pump to the base of the vacuum chamber (Varian Diode). Thisres only elec-
tricity, and the power is backed from the building’s emexgegenerator supply.
Thus, providing the gate valve is closed between the chamtethe difusion

pump, vacuum is always maintained even during power or \faileres.
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Figure 3.22: The UHV chamber. The optical table has been removed.

The pressure in the chamber is monitored by an ion gaugeafvaras is the
pressure in the UHV section of the gas line. Two pirani gaugesitor the back-
ing pressure of the ffusion pumps, and a third monitors the roughing rotary pump
pressure. To reduce leakage from the rotary feedthrouglsample manipulator
is differentially pumped by the roughing pump. This reduces thespire gradient

across the seals, see section 3.2.2.

Gas Admission

Gases are supplied to the chamber via a small gas line. Eatiteajases is

connected to this line with Nupro type valves which are imtaonnected to the
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Figure 3.23: The vacuum system. See text for explanation.
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gas bottle regulators. Carbon Monoxide, Argon and Oxygenparmanently
available and other gases are connectable to a Swage-Lelctymection when
required — at the moment this includes hydrogen, ethylet@@aNd various iso-
topes of CO. Vapour from volatile liquids (e.g. benzene,enatan also be ad-
mitted via this connection. The gas line is pumped to rougiuuen by the same
rotary pump which rough-pumps the chamber. It is also camedecia a valve
to a second, smaller, filusion pump which can take the pressure in the gas line
down to about 10’ mbar. This is useful for studies involving small quantitiés
gas isotopes. Gas is admitted to the chamber by a coppergdt&nife-edge
style dosing valve placed between the chamber and the gasAirgon may be
admitted through a secondary dosing valve, which passestljiinto the plasma

chamber of an ion gun (discussed in section 3.2.2).

Optical Windows

In order to introduce laser beams into the chamber, it igfitteh several optical
windows. Infrared beams are admitted via a magnesium flaoviddow. Mgk
has a useful transmission range of 0.12-+f1) whilst being physically strong
enough, at 3 mm thick, to withstand UHV conditions. All othwindows are
glass. The plan view of the lower level of the chamber is shmwigure 3.24 as
it is this level which has the largest number of availableéqaiving the most op-
tions for incoming and outgoing beam directions; henceithike level at which

SFG experiments are performed.

Maintenance

Before opening the chamber it is vented via a valve conneictélde roughing
pump/ gas line system. The venting is done with liquid nitrogen\toi@ con-

tamination. After venting, the chamber must be baked to xendeposits from its
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Figure 3.24: Plan view of optical level of UHV chamber. Five small plain glass
windows (C-G), one large glass window (B), one small MgF, IR window (A),
the AES electron gun, the potassium Getter source and two blanked-off ports
are shown. The bulky AES analyser, which in fact takes up most of the interior,
IS not shown.

walls. The chamber is surrounded on its plinth by heatinghelgs and is com-
pletely enclosed in a custom insulated cover before balgiags windows and

other delicate items being covered with aluminium foil tfleet the heat. It is
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usually baked for 48 hours at a temperature of°1CBlsius, whilst monitoring
the pressure. The ion pump has an integral heating elemeatrtove material
deposited on its walls during the pumping process. Unfateiy, the baking
process does create quite a large temperature gradieng iatibratory, further
increased by the fact that the air conditioning tends toawepensate and reduce
the temperature to sub-normal levels at the opposite endgedb. This signifi-
cantly dfects the laser system, and usually means much realignnodmaksouts
should be kept to a minimum. Flange seals on the chamber ate bysa copper
gasket and knife-edge system; those on the gas line syseeen@mbination of
these and Swage-Lok style connections. iAlvacuoelectrical connections are

spot welded.

3.2.2 Sample Manipulation and Preparation
Sample Motion

Azimuthal rotation is achieved by aftirentially pumped rotary feedthrough
(Vacuum Generators). The roughing rotary vacuum pump id tsgoump the
non-UHYV side of the seals to reduce the pressufieidince and hence the like-
lihood of a leak. Thex andy motion is achieved with orthogonal micrometer
screws at the top of the chamber. Theotion is achieved by a vertical screw
thread which lifts the whole crystal mount, a set of extefmalows providing
vacuum integrity during the motion. This screw is driven bgeared electric
motor, as it takes a considerable time to raise and lower bg.h& may prove
necessary in the future for certain types of pump-probe raxgat to motorise
the other two axes, in order to allow the sample to be aut@altimoved during
experiments so that fresh areas of adsorbate are expodsal laser beam — see

section 6.4.1 for more details on this matter.
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Heating and Cooling

For studies involving many metal-adsorbate systems ittessary to be able to
cool the sample to 100 K for the adsorbate to stick in an oddiger, and to be
able to heat to 1550 K to remove oxygen from the sample. Sitrgigals to be
mounted in our chamber must first have 0.5 mm groves cut imghhvand bottom
thin edges. This is done for us by Metal Crystals and Oxidemgtén, Cam-
bridgeshire) before the polishing process, which they ptorm. The grooves
are lined with tantalum foil to improve thermal conductyyithen lengths of 0.38
mm Tungsten wire bent as shown in figure 3.25 are insertedselwres both
support the crystal and heat it when a current is passedghreach of them.
This arrangement, suggested by Yates [85][86, pages 504aS]the advantage
that when the crystal is heated the two loop$edtentially remove any linear ex-
pansion which would force the wire from the slot, or causedtystal to tilt —
very important for laser work. Also, it removes the need totspeld to the sam-
ple, which is dificult for ruthenium. The crystal is held by a slight springsiem

from the tungsten wires.

The tungsten wires are screwed onto copper blocks, whigblgtipe heating
current. The copper block assembly is mounted on the encboigedteel reservoir
(“cold finger probe”) which can be filled with liquid nitrogema the funnel shown
uppermost on figure 3.22. This cold finger also mechanicalhnects the sample
mount to the top of the manipulator. The thermal connectietwben the left
and right copper block assemblies and the central coppek ldoachieved with
2 mm thick sapphire discs. This provides good thermal conedlst providing
complete electrical insulation. The thermal contact isrowpd further with a thin
piece of indium foil coating each side of each sapphire dités smooths out any
surface area imperfections. The heads of the screws congélce outer copper

blocks to the central column are tightened onto counters@n@mic electrical
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Figure 3.25: Sample mount.

insulators. This is also all shown in a photograph in figug63.

A chromel-alumel thermocouple junction is spot welded te téverse side
of the sample. This was chosen as it is one of the few thernpedypes to
work over the large temperature range we use. It is connéatagrogrammable
thermal controller (Eurotherm) which drives a 0—-30 A powgp@y (Kenwood).

The thermal controller has an adaptive algorithm which camsed to tune the
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Figure 3.26: Photograph of sample mount and Ru{1010} crystal.

heating process so that it is more or less critically damp¥éth this arrangement,
a 30 A current can heat a 1 cm square by 4 mm thick sample to érbds0
K, and the sample can be cooled to a minimum of 95 K. An addilid® A
power supply, connected in parallel, can be used to heataimple to 1550 K,
which is necessary to remove oxygen from{RL0}. This must be used sparingly
though, as this temperature approaches the melting poittteothermocouple
(1650 K), and the weld supporting the junction may fail stighelow the melting
temperature. A typical heating and cooling curve is showfigare 3.27. The
heating current shown in this is not constant, as it is not@nt to expose the
mounting system to the full 30 A of current from cold. The é&sstinear ramp we
use is 4 Ks!. The exact cooling and heating times may varyly minutes from

the time shown depending on the pressure exerted on the s@yphe tungsten
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wires. The tungsten wires are much hotter than the crystaheshigh temperature

limit arises mainly fromT 4 thermal radiation from the relatively large area of the

sample.
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Figure 3.27: Typical sample heating and cooling curve wrt. time. Heating
current not constant — see text.

The main disadvantage of this system is that the sample nmgutends to
settle after a couple of heatings, and the sample does nayslend up perfectly
vertical; and small changes in the vertical tilt make a |afigierence to the exit an-
gle of laser beams incident on the surface. After the insgdlling, the orientation
of the sample does not seem to alter significantly. Also, dpper blocks next to
the crystal restrict the laser beam geometry. An altereatigs tried, similar to
that used by the Surface InfraRed Emission (SIRE) projectirgroup [87]: this
involved vertically mounted 3mm tungsten rods, which hagerbspark drilled
(with thanks to the Department of Engineering in the Uniitgys— see figure
3.28. In each of the two holes on each rod was inserted a sbiorohntal length
of tantalum rod, which is relatively easy to spot weld. Tosenéwo rods were

welded a vertical length of tungsten wire, which was thendeelto the back of
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the sample, using tantalum foil as an interface. A pair o$éteingsteptantalum
mounts was used, each being attached to copper blocks istmithose shown

in figure 3.25, thus putting the heating current acrossstraple | performed a
computer simulation of this system, which iteratively misdde nonlinear heat
flow. This was based upon the Pascal algorithm given in [8tjadapted for our
manipulator and R010} crystal, and rewritten in C. The simulation appeared to
give satisfactory heating and cooling times, but when tlea mas built and tried

in situ, cooling times were impractically slow to enable emage dependent stud-
ies to be undertaken in which many desorption cycles areatkdtle idea was

abandoned.

Heating current

<—\W rod
Ta rods
. Spark
::": <—drilled
i holes

<\ wire

— Ta foil

Sample (rear)

Figure 3.28: Alternative sample mount.
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lon Sputter Gun

The top level of the chamber is fitted with an ion sputter gumisTs used to
clean a sample by removing a few layers of the top surface blodment with
argon ions. Bulk impurities may be removed by elevating Hrage temperature
during sputtering, allowing them toftlise to the surface for removal. Originally
a gun made by Physical Electronics was fitted, for which themdber had to
be back filled with argon to a pressure of i0nbar. It is possible to measure
the dfectiveness of sputtering by directly measuring the elecuirent from the
sample to earth, this being proportional to the number of jper second hitting
the sample. This was found to be negligible due to either & flauhe gun or
the controller, so the entire gurcontroller system has been recently replaced by
another. This gun (VSW Instruments AS10) is of a slightlffetent type, which
produces a low pressure argon plasma. It has a feedthrolag¥irad argon to be
directly fed through the gun, via a second dosing valve (dgjure 3.23). The
procedure is to turn on the hot cathode filament and the aetiglg bias, then to
increase the chamber pressure with argon through this t@alve4 x 10> mbar
until an arc is struck; the filament emission current theesigand the gas pressure
can then be reduced to abouk1.0~°> mbar. By measuring the drain current the
sample position and focus can be optimised. Up t@A®f drain current has
been measured with this gun. After sputtering, a sample beuahnealed at high
temperature to restore surface order. The cleaning recipé for the R{1010}

sample is detailed in section 5.2.1.

Getter Source

The Getter source is used to deposit an ultra-thin layer @lleali metal on the
sample. This is useful in surface science as alkali metdlasapromoters for

many catalytic reactions. We were originally intending &e uhis to study the
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effect of co-adsorbed alkali metals on the water photodissoniaeaction de-
scribed in section 1.1.3. The source is quite simple, ctingisf three wire loops
all at the central chamber level, in the position shown inrgg8.24. A 17 mm
long potassium metal dispenser (SAES Getters) is spota@@dess, linking one
loop to another, with the emission slot facing the sample.egoad dispenser
is welded from the third loop to one of the other two, the lattew acting as a
common connection. When 6—7 A of current is put across esiberce, it glows
and potassium is emitted from the slot in the dispenser ateaofea few mono-
layers per minute. Two dispensers are provided in case abltior exhaustion;
replacement involves dismantling the chamber and expdsiag. The connec-
tions are in the form of loops rather than straight wireshago terminations of
each loop can have 10 A of current passed through them to degésng wires.
A second source has recently been added, to dose caesiusnwahibuilt by us
by adapting an old titanium sublimation pump and does noe lthe degassing

loops.

3.2.3 Sample Characterisation

Detailed below are three main techniques available to ututtyghe cleanliness

and order of a sample.

Temperature Programmed Desorption

TPD is the process of ramping the temperature of a samplemamitoring the
desorbed species. This monitoring is performed with a quyaale mass spec-
trometer (VG Quadrupoles Masstorr 200) which in our case asimted at the
top level of the chamber. The controller unit generates gagel which is pro-
portional to the partial pressure at the current set massttaa voltage is fed

into a lock-in amplifer, used in this case as a simple anadguligital converter.
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The lock-in amplifier is interfaced to a computer via an RS28&al connection.
The Eurotherm sample temperature controller describe@ctian 3.2.2 is also
interfaced to this computer via the other RS232 port. Theotherm controller
is set up to provide a temperature ramp of a few degrees pende@d custom
written piece of software (written in the LabWindows CVI @onment) is used
to plot the partial pressure of desorbed species versusetatupe — this is the
TPD curve. The same piece of software is also used to mom&background
pressure of a particular gas during dosing, and to calcthatve integral of this

pressure with respect to time, this being proportional éogas dose.

As the temperature of the sample increases, it becomesbpmgsi break
surface-adsorbate bonds and so species are liberated Hiesutface, causing
a desorption peak in the TPD curve. As the vacuum chambering lbentinu-
ously pumped, this peak also corresponds to the maximunrutesorate. The
fact that a peak is seen can be qualitatively explained asethét of the com-
petition between the Arrhenius type desorption energeinckthe simultaneous

depletion of adsorbate.

The most useful piece of information for us which can be otgdifrom TPD
is the surface coverage. Providing a reference TPD curweitahle for compar-

ison, the coverage®, is given by

area of TPD curve fo®nknown

Ounk = X O .
aEnov = area of TPD curve foBynown nown

This is also the principal day to day method we use to detexrmimface cleanli-
ness. A clean surface will have a certain maximum coveraehwill decrease
as adsorption sites are blocked by rogue “dirt” atoms. Thimgarison can be
qualitatively made by comparing the profile of TPD curveshwkhown clean

curves from other workers for a given surface-adsorbatesys
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Low Energy Electron Diffraction

Low Energy Electron Otraction (LEED) is a surface structure determination
technique in which electrons in the energy range of 20-100@re elastically
back-scattered from the sample surface onto a phospharstwayive a dirac-
tion pattern representative of the structure of the medabebate system; see fig-
ure 3.29 for a schematic of our Varian system, at the top lef/¢he chamber.
These energies are chosen to obtain the correct de Broglielevegths for the
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Figure 3.29: Schematic of our LEED system.

interatomic spacings typically found at surfaces. A seoifegrids in front of the
screen are biased so that only elastically scattered efexcare allowed on to the
screen. The screen, on which thédiction spots appear green on a black back-
ground, may be viewed by eye from the opposite chamber windownay be
photographed by conventional or electronic means. DeslicREED chambers,
such as are available elsewhere in our group, use a digitaitonmg system, from
which surface structures and bond angles are determined asiomplex compu-

tational algorithm. For the simple molecules in this stualyjsual interpretation
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of adsorbate spots manifesting themselves between thecewspots is gficient;
and at the very least allows comparison with the work of ®hEor more details

of the concepts of LEED see, for example, [88, section 2.3].

Auger Electron Spectroscopy

An electron incident on an atom may cause the emission of@ealectron. The
hole left by this process may then be filled by an electronwtldbinding energy.
This electron is known as the “down” electron. The transitidéthe down electron
releases energy which may liberate an electron from aatiet bound state into
the vacuum. This third electron is known as the Auger electdier its discoverer
Pierre Auger. This scheme is shown in figure 3.30. From thengement given

in this diagram, the kinetic energy, of the Auger electron is given by

T:EK—EL—EM—¢.

Thus the kinetic energy of the Auger electron is independetite incident elec-

tron energy, and is just a function of the electronic striectof the adsorbate,
so AES can be used to identify particular elements on padati@urfaces with a
unique “fingerprint” [89]. In fact, the dierentiated electron spectrudi\/dE, is
usually plotted, as this tends to make the Auger peaks cleanger spectroscopy
can identify impurities present on a surface, so can be wselkck surface clean-
liness by comparison with spectra known to be clean.

Our Auger system is made by Varian and the electron gun isdiy the same
power supply as the LEED system. The electrons are detegtadhémispherical
analyser which acts as a monochromator. The electrons\aatarsmall hole and
pass between two hemispherical plates, which have a vanpabéntial diference
across them. Only electrons in a certain energy range cagrs@the curved path

between the plates and emerge. These are detected by a lttandetector. We
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Figure 3.30: The Auger effect. In the left hand panel, an incident electron (1)
from a gun removes a core electron (2). In the central panel an electron (the
“down” electron) from an outer level (3) moves to occupy the hole left by this
process. In the right hand panel, the energy released by the down electron
causes an Auger electron (4) from a still further-out level to be liberated at a
kinetic energy T.

use an external 1 KHz oscillator to modulate the potentighefsample, with the
lock-in amplifier in phase sensitive detection mode to redexperimental noise.
The spectrum is obtained by setting the analyser contralleican a spectrum,
whilst recording the output from the lock-in using the saroftveare as used for
TPD measurements. The analyser is mounted on a two dimehgjonbal sys-

tem, operated by external drive knobs, internal goniomnsdieig visible through
a window on the chamber. This allows exact positioning ofahalyser around

the sample for angular dependent studies.
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3.3 The Complete Spectrometer

3.3.1 Overview
Practical Constraints

This section describes how the laser system and UHV changwer been com-
bined to make the time resolved surface SFG spectrometerinittal hurdle was
that the main laser table and the UHV chamber have a physapabgtween them
in the lab of nearly a metre. This unfortunately cannot beratt as this is the
only practical route to the fire exit of the lab: both the lasgstem and UHV
chamber have many pipes and cables at their rears conndwtimgo departmen-
tal services. Also, the UHV chamber’s central level is adm3 m from the
ground, presenting another safety issue — the laser beastsemier and exit the
vacuum chamber at roughly human eye level. The first priamityetting up this
experiment was the safe and practical entry and exit of lasams to and from
the vacuum chamber. The original plan, as used for the pusvaser desorption
experiments on benzet¥111} and those in Appendix A, was to use a periscope
on the main laser table to directly aim the beam into the clearatross the gap. It
was clear that, aside from the obvious safety issues, itadvoeinearly impossible
to spatially and temporally overlap two or maybe three beafresfew hundred
microns diameter on a crystal in vacuo, with the final turninigrors over one
metre away.

To overcome this | designed a custom laser table and cononesithe de-
partmental workshops to construct it such that it fitted atbthe UHV chamber
and allowed the final alignment to be done much closer to thgbka The origi-
nal working diagram for the surface plan of this table is gias figure 3.31. Itis
made of aluminium and is covered in an inch grid of M6 thredugds. The table

is mounted on a light box section steel frame, with three 6(hayh legs which
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sit on and are bolted to the lower mounting platform of the Utimber system.

It is also supported nearer the chamber by a screw threachwbioes out of the
cold trap on the large ffusion pump. This threaded rod is passed through a spe-
cially drilled hole on the table and nuts and washers are tesedcure the table

to the trap. This table has proven to be an essential keystahe whole experi-
ment, and any initial fears about stability or vibrationfrehe pumps have proven

to be unfounded. All the final alignment optics are on the danmounted opti-

cal table. The table and all the optics on it are removed fiegrchamber prior to

a bakeout.
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Figure 3.31: The custom optical table mounted around the UHV chamber. To
scale.

In practice it was found to be much simpler not to have thesgepes to raise
the beam to window height mounted on this table, so the beansild travel

across the lab gap at window height. We have overcome thetysafsue by
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putting a wooden platform between the main laser table aathbler to raiseur

height well above that of the beams — this also makes adjugtinéhe optics on
the still relatively high UHV laser table much more comfine&a Furthermore, a
mechanical shutter which covers all beam paths from thespa&pes on the main
table is used to block beams when they are not needed andnailsex windows
on the chamber are covered with black plastic caps. A blackvamte CCD

camera with a Cosmicar-Pentax zoom lens is used to view tambercident on
the sample safely through window (D) in figure 3.24 via a frgrabber card and
a computer screen. The number of lost pixels on the CCD catoeatate shows

the prudence of this measure.

Optical Layout

The experimental arrangement described here is suitabpefmrming spectrally
resolved SF measurements and time resolved SF free induigicay measure-
ments, as these techniques form the bulk of the recent watkrenmain results
presented in this thesis. Alternative beam paths for vartgpes of pump-probe
and photon echo experiments are given in chapter 6.

Figure 3.32 shows in detail the optical paths from the regeive amplifier
to the edge of the main table, with the periscopes on the tajibg the beams
across to the UHV mounted optical table. The output from tBATs split by
the vertically mounted beamsplitter shown in the inserte GPA requires 2 mJ
of energy per pulse, so given the output of the TSA changes ttay to day and
ultimately decreases as the flash lamps in the Nd:YAG pungy l@ear out, some
form of energy “balance” control is needed to divert varyargounts of energy
to the OPA. This is acheived with a combination of this beditispand the three
half wave plates (a), (b) and (c). The beamsplitter is cofiedptimal reflection

at a certain polarisation, so by changing the polarisatiith half-wave plate (a)
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before the beamsplitter, it is possible to vary the amowamsmitted and reflected.
Half wave plates (b) and (c) allow the polarisation to be ected back to the
original horizontal polarisation. This works well for dayday fluctuations in the
output of the TSA, but cannot make up thdfeience between worn and brand
new flash lamps, so two flierent beamsplitters are available with their reflectiv-
ities (R = 30%) optimised fors or p-polarisation and so can be changed as the

flashlamps age.

Two mirrors are used to steer the beam into the OPA. Two ermaedgr heads
(Scientec) are available, one to measure the input to the @mAa more sensi-
tive head to measure the IR output. A “flipper” mirror (NewpOptics) is placed
in the OPA output path, and this can be sprung up into the beatin nepro-
ducibly when needed to reflect the beam into the energy meizil.hNear the
OPA the signal, idler and IR are not that well spatially sepeat so a filter (Uni-
versity of Reading Thin Films Laboratory) is usually ingerbefore the meter to
remove the signal and idler. The mirrors in the IR beam pepecare rectangu-
lar (50x30x12.5 mm) substrates coated with gold by CVI Technical Optics Ltd
The rectangular substrate gives a greater range of bearasawmithout moving
the periscope. The VIS beam passes into the pulse shap@sased in section
3.1.5, via two mirrors and two irises, (e) and (f), at an eledaheight, gained
from the post TSA periscope. The irises allow for reprodigcddignment into
the pulse shaper. Following the pulse shaper, the beamgyaaseanother flipper
mirror which is used to send the beam into the FROG (sectidnfdr alignment
purposes when needed. It passes out of the pulse shapergittly sbwer height
via the square pickf®mirror. It then passes onto a translation stage to allow the
IR and VIS pulses to be overlapped temporally or delayed@sned. The trans-
lation stage is a combination of a computer controlled s{Ageotech, see section

3.3.3) of range 25 cm, and on this mounted a manual microndetesn transla-
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Figure 3.32: Optical paths on the main optical table. See text for explanation.

The pulse shaper is shown in more detail in figure 3.19.
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tion stage (range 25 mm). The beam then passes via one tumirgy onto the
exit periscope. All 800 nm mirrors are made by CVI TechnicakiCs, and are
coated to their TLM1 thin layer dielectric ultrafast spezation. All 800 nm mir-
ror substrates, with the exception of the square shaperqgsiakirror, are 1 inch

circular BK7 glass.

The two beams then pass across to the chamber mounted agkilslfigure
3.33. lIrises (j), (k), (I) and (m) are provided for day to ddigament repro-
ducibility. A holder is placed in the IR path for a chemicahtaining infrared
transmissive cell for wavelength calibration, see se@i@¥. A holder for a 10%
neutral density filter is in the VIS path to attenuate the pomlieen needed; for ex-
ample when the narrowing slit is removed for time resolvee induction decays
the fluence from the VIS path might well ablate the samplesserivhen focused
down. When attenuation is not required a 4 mm thick borcg#iglass plate is
inserted in its place to keep the path lengths equal. A pamoof/ex/ concave
lenses are in the VIS path, one on a translation stage, whgsitier act as a vari-
able telescope to vary the 800 nm spot size, so that the VISRasdot sizes can
be made approximately equal fafieient SF production, given they both have to

pass through the final MgHRens which has a chromatic aberration.

After a pair of final turning mirrors (IR mirror is gold and tangular exactly
like the periscope mirrors), the beams then pass into thelbbavia a Caflens
of focal length 25 cm (which is on a manual translation stage @ptical rail to
change the focal spot size), the Mgkindow (A) and finally onto the sample.
The beams are angularly separated as much as possiblelggvsiaé¢ of the Mgk
window. The IR beam is at 840 the surface normal, and the VIS is at 8@hich
from equation 2.26, the SF direction is°@br —81° on reflection. Orthogonal
to this arrangement on the table is a non-vacuo replica ofeth® and window

system, with a LilQ crystal ¢ = 0°, § = 20.3°) replacing the metal sample.
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The beam can be passed through this alternative path wigeflipirror (h). This
mirror must catch both VIS and IR beams at a relatively laigerding angle, and
is a microscope slide coated with evaporated gold (withkb&m Frank Lee at the
Cavendish Laboratory). The relatively thick (1 mm) Lil©rystal is éficient at
producing the visible sum frequency of the IR and VIS. To obspatial overlap,
the LilO; crystal can be replaced by an iris, and then a @®0pin hole through
which both beams must pass — the VIS beam being detected litlbra&scent
card and the IR with a sensitive energy meter connected teeficscope. The
pin-hole mount is on a lateral optical rail, a transversedlation stage, and a
screw driven height control for accurate positioning. Tenapoverlap is achieved
by watching for the SF light in the Lil@crystal. The direction of the SF beam can

be marked on a white card placed at & m distance on the main optical table.

If the pin-hole is then replaced, a low power Helium Neoniasa be aligned
exactly along the SF path by flipping up flipper mirror (i). Wité@e flipper mirror
(h) is flipped down, the VIS, IR and HeNe beams will pass inte thamber
and the HeNe path should reproduce the SF exit path from thael merface.
The overlap of the two visible beams on the surface can bekelddry the CCD
camera. The HeNe beam is then aligned into the spectrograptwe turning
mirrors (broadband dielectric, CVI). A 100 mm focal lengéim$ is used to focus
the beam into the spectrograph. Three notch filters remoy&are of the 800 nm
beam, which is spatially close to the /BfeNe path. We estimate, by use of pin
holes and irises on the benchtop beampath, that the spobsitee surface is

around 30Qum. The alignment procedure is described in detail in se@i8m.
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3.3.2 Optical Detection
Spectrograph

Our imaging spectrograph is made by Acton (SpectraPro Z0@)has a 0.3 m
internal path length in a Czerny-Turner configuration. fitted with two gratings
of 600 and 1800 grooves per mm, on a selectable turret. ltngaded via an
RS232 serial connection to a PC, and comes with custom dasuftware. A
mirror diverts the incoming beam at right angles, such thatspectrum emerges
perpendicularly to the incoming beam. A micrometer drivanable width entry

slit is provided.

The ICCD

We have an Intensified Charge Coupled Device (Andor i-Starpua detector.
This is bolted onto the spectrograph perpendicular to tkenmng beam path.
Inside the i-Star is a cooled CCD chip and a Gated Image liftemsThe CCD
has 256 rows and 1024 columns of pixels, the rows runningendilection of
the spectrum. The data from the CCD can be read either as agejnoa by
“binning” whole columns on chip, or by taking just a thin ptof rows. Binning
a whole strip increases the signal, whilst selecting a thip ®f rows reduces
extraneous optical noise. Horizontal binning is also a@d to increase signal
and acquisition times, whilst reducing spectral resofutibhe CCD can be cooled
to reduce noise to -25C via a peltier element which is in turn externally water
cooled.

The image intensifier is of aecond generation tuligpe. Photons enter the
intensifier and fall on a photocathode, which then liberatestrons. The elec-
trons cross a small gap under an electric field and entaiceochannel plate

which is a thin disc of honeycombed glass, each channel besigtively coated.
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The electrons cascade along each channel under a largecdiietd and produce
many secondary electrons along the way. The electrons thi&e a phosphor
plate which re-emits photons for detection by the CCD. Thiscade of electrons
can amplify the light by a factor of up to £0The high electric field ensures little
transverse movement of the electrons, thus preservingntegrity of the spectral
information. By pulsing the electric field, the intensifieancbe gated and acts
as a shutter. By selecting the opening and closing timesi®ftite with respect
to the laser pulse trigger, non-laser ambient optical ncésebe significantly re-
duced. We use the Nd:YAG laser Q-switching signal as a trighlee gate has a
minimum width of 1.2 ns, though this does depend on the us&ahia intensifier
gain. We typically use gate widths of 10-20 ns.

The i-Star connects to a custom PCI card mounted in a PC, angjmied with
comprehensive control software. This software is capab$eiing up the CCD,
gating and cooling, of gathering data, and of directly coltitrg the spectrograph.
Perhaps the most powerful feature of this software is thi imuAndor BASIC
programming language which can control acquisitions anddasl to drive ex-
ternal devices and programs. This language is used to atgdne& induction
decay and pump-probe experiments as described in sec8dh 3 he software
allows spectra to be accumulated over many laser pulse$paaghoton count-
ing threshold to be set: the user can set a level below which igghot to be
counted, thus reducing background noise. Also, a backgrsubtraction mode

is available. An infrared remote control allows simple oeespn operation.

Calibration

The i-Star software permits calibration by allowing the ruse specify known
spectral lines. It then fits a polynomial which it uses in ®dagent acquisitions

to generate the frequency axis based upon the spectrogesjphlgs. We use a
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neon discharge lamp (UVP Ltd) to calibrate the i-Star andtspgraph as neon
has several spectral lines around 690 nm where {lo@ &nd 800 nm SF lies. As
a further check, we can also insert a chemical cell in the R,@nd observe an
absorption dip in the SF spectrum corresponding to the IRraltisn position —

see section 3.3.4.

3.3.3 Computer Control

We have two stepper motor driven translation stages. Thgedans made by
Aerotech, and has ajim resolution — 1Qum corresponds to 66 fs in time (dn
of stage movement extends the beam path length joy 2n the configuration
shown in figure 3.32). This has a separate controller boxdé&nil00) which
contains a sophisticated programmable microcontrolleis 16 in turn controlled
via a RS232 connection to a PC. The Andor BASIC language ral#tits for
sending ASCII data to an RS232 port.

The smaller stage, used to delay a third pump beam with respdéice VIS
and IR beams is made by Standa and has a resolution @fn@.5It is directly
controlled via a PCI type card mounted in a PC. This card, &du®r custom
applications, must be driven at a very low level by writingthe@ computer’s in-
ternal JO ports. Although Andor BASIC claims to have low level porhtwl, |
have not been successful in controlling it in this way, sorieedit | have written
an external C program, which is then called by the Andor BASiQgram. The

Standa stage driver program is given as Appendix B.

| have written Andor BASIC programs to just move the two st&ageith no
spectra taken), in order to find temporal overlaps, and odmelor BASIC pro-
grams to take surface autocorrelations (chapter 4), frgction decays (chapter

5) and pump-probe data (chapter 6). These are given in Ajpénd
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3.3.4 Alignment Procedure
Development of the Procedure

The development of the complex daily alignment procedueethken some time
to perfect, but is now such that it can be done in perhaps deafipours. Along
the way several schemes were tried, and each contributeana way to the final

solution.

The main hurdle in this problem was how to overlap two verylsbeams in
both space and timé vacuq one of which is invisible to the naked eye. Addi-
tionally, given the length of the beampaths, the stabilityhe laser system, the
fact that the sample must be moved in the chamber for cleamdgharacterisa-
tion and the complexity of the overall experiment, it wasacldat this alignment

would have to be repeated each day.

We started with the Lil@ crystal, mounted on the main laser table, with the
IR beam and a VIS beam directly from the TSA. The beam pathe weasured
with a tape measure until they were roughly equal. Given #uot that it was
impossible for us to see the IR beam by eye, we used an enelgy toaletect
its presence. By replacing the Lit@rystal with an iris, and later a pin-hole, we
found a way to ensure the VIS and IR paths crossed in spacehé&leused our
portable 0.125 m spectrograph and line-CCD (Linespec) teati¢he SF in this
crystal, then optimised the temporal and spatial overlap we could see it by
eye. Eventually the Linespec was not needed as we couldseedISF spot more

or less immediately as we improved the geometry.

Then we tried with a piece of (undoped) Gallium Arsenide wéfeth thanks
to Frank Lee at the Semiconductor Physics Group) as GaAsdasused in re-
flection in the past to align nonlinear optical surface expents, see for example

[90]. It has very high surface and bulk?. This small crystal, 5 mm square,
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was glued to a glass mirror substrate and placed in a roéatabunt. The next
problem to address was where to place the detector. Thisalgedsby repeating
the setup of the Lil@ crystal path, and following the SF direction with a HeNe
laser, then flipping the beam paths in the direction of the Saafer, and aligning
the spectrograph along the direction of the HeNe path. Bwlaiy we found our
first surface SF signal from GaAs. We later briefly mountedex@iof GaAs on
the reverse of our chamber mounted sample for alignmenbges Meanwhile,
we also successfully obtained bench-top SF signals fromléh gmated mirror,
but tried a Palladium crystal without success. SF and Dffg@ince frequency)

signals from the GaAs and gold surfaces are shown in figure 3.3

cmrnerrene. SEG GaAS
DFG Gold -
SFG Gold

e
4600 4800 5000 5200 5400 5600 5800 6000

Wavelength / Z\

Figure 3.34: SF and DF signals from GaAs and gold samples.

We then transferred this geometry on to the chamber mourgadabtable.
Lens focal lengths were estimated with computer simulatmGaussian beams
to obtain the smallest spot size possible. At this time trerdber was fitted with
the P{111} sample which had been used for the benzene desorption eqres.

We were unsuccesful in getting an SF signal from this; sihnbas become clear
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that the lowy® of Pt at these wavelengths could be a problem — see sectidn 6.4
We had purchased a RLO10} crystal for the water catalysis project, so we tried
this whilst our P§111} crystal was being re-polished. As the original plan with
the water catalysis project was to study tlieet of co-adsorbed alkali metals we
used the Getter source to deposit a thin layer of potassiutheurface, and
we suddenly obtained a large SF signal. The reasons for tisliacussed in
detail in the next chapter in section 4.3.5. Once the aligitmas optimised, a
clean surface R1010} SF signal was seen after the K layer had been hedfed o
The use of an alkali metal layer is the cornerstone of thenaignt procedure,
and from this we have developed a method of characterisingmire system in

vacuo — see section 4.3.1.

Day to Day Alignment

The laser is aligned as described in section 3.1. An enerdggrnee placed in
the OPA pump beam path and half wave plate (a) is rotated 2imtil registers.
Then the polarisation is corrected by inserting a BBO fregyedoubling crystal
optimised for horizontal polarisation into each beam patturn and optimising
for maximum blue light whilst adjusting half wave plates @md (c). Two mirrors,
in conjunction with external iris (d) and the two internal Oifises A1 and A2,
are used to steer the pump into the OPA. Fine adjustment ie bgnnserting
the energy meter to measure the OPA output via the flippelomi@ccasionally
it is wise to reset the internal motors of the OPA via the aargoftware. Half
wave plate (b) and the TSA compressor can also be optimisddsastage by
maximising the energy output of the OPA.

The incoming beam to the pulse shaper is steered so thaeihiset on irises
(e) and (f). The slit is removed, and the neutral densityrfilbserted on the

chamber table to protect the sample. The pulse shaper carbéheccasionally
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checked for optimisation by comparing the incoming and oung FROG traces

— see section 3.1.5. The VIS beam is then centred on irisasdl\m).

If the alignment is very poor, or if a new set up is being tedllthen it is usual
to initially perform the IR alignment with the signal beanotn the OPA, as this
has an accompanying visible harmonic, and atuintis still visible on our IR

viewing card. The SF of the signal and the VIS appears gretreihilO; crystal.

In general the IR beam is aligned through irises (j) and (k)pkacing an
energy meter head behind them, directly connected to atlasstipe for easily
visible feedback. An iris is placed in the Lij@rystal position and the IR beam is
steered through the iris, again checking with the energemehe iris is replaced
by the 150um pin-hole and the alignment is optimised. The VIS beam is the
aligned through the pin-hole. The pin-hole is replaced ylthO3 crystal, and
the temporal overlap is adjusted until the red spot of thei@ft is seen. The spot
is allowed to travel to the far field on the main optical tabdere its position
is marked on a white card. The pin-hole then replaces thesléi§stal and the
HeNe laser is steered so it passes through the pin-hole @aodrenspot marked

on the card.

At this stage, potassium is dosed onto the metal sample. Walyslose for 1
minute at 7 A current, but this is not critical as long as a rfayler is dosed — see
chapter 4 for more details. The sample is then returned todhweal experimental

orientation.

Flipper mirror (h) is then sprung up so that all three bearagetrinto the
chamber. The CCD camera is used to observe the spatial pwarl¢he crystal.
Given all three beams are overlapped in the pin-hole, thewiging the two ob-
servable beams (VIS and HeNe) are overlapped on the sudaee;an be sure
the IR is overlapped there too. If this is not the case, thediservable beams are

overlapped on the surface, and the pin-hole position isgd@to the new overlap
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position. The IR is realigned through the pin-hole and thecedure is iterated
until the pin-hole and surface overlaps agree. It shoulddiechthat the HeNe
flipper mirror (i) does actually block the IR beam and most&f VIS beam, so it

has to be alternately sprung up and down during alignment.

The HeNe beam is steered into the spectrograph entry slichws open to
about 15Qum. The grating in the spectrograph is then set to zero ordelrtlze
profile of the zero order light is observed in real time by the-pooled i-Star
set to full vertical binning mode. The HeNe beam is optimisedhat it enters
exactly in the centre of the ICCD and is symmetric. The spegcaph entry slit is
gradually closed until it begins to attenuate the signallstbptimising the input
direction. The 800 nm filters are removed temporarily andsgrextrograph set to
800 nm. The i-Star gate delay and width are then optimisetiadhe VIS beam
IS just detectable, to cut out any non-laser optical noisepéctrum may then be

taken of the VIS beam.

The spectrograph is then set so that the SF signal will appetlie centre
(usually 690 nm), and the slit is opened wide again. The gatred up, the
800 nm filters reinserted, the HeNe is turndtiand flipper mirror (i) is sprung
down. Whilst observing the i-Star spectrum, the final IR togrmirror is slightly
tweaked until the SF signal is seen from the K covered surf&eepirically we
have found it to be mostfigcient to adjust the horizontal direction first. The
signal is optimised by iteratively tweaking the IR and VISafituning mirrors,
the temporal delay, the Calfens distance from the sample, the VIS beam size
via the telescope, the VIS polarisation via half wave plagetfie mirrors leading
into the spectrograph and the sample position. Usuallythisaturate the i-Star
if the 600 gmm grating is used and horizontal binning is set to 8 pixeltshie

Such a spectrum is shown in the next chapter as figure 4.8.

The i-Star is set to full imaging mode and the image of the spetis ob-
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served on the screen. The final lens into the spectrogragters moved back
and forth until the vertically narrowest spectrum is seer @ne entry slit width
reduced until the signal is just attenuated. The centre adthwn pixels of this

band are noted, and the i-Star is set up only to record pixglsnthis band to

cut out extraneous noise. Usually the beam path from the lobaexit window to

the spectrograph is then covered with a black cloth.

Next the narrowing slit is put in the pulse shaper. The sldtiiis set with
the micrometer to a value determined by the system chaisatien, see section
4.3.3. An energy meter is placed at the exit of the pulse shapd the lateral slit
position is optimised to give maximum energy — this ensuegsaducibility of
slit insertion. The neutral density filter in the VIS path éplaced by the glass
plate as attenuation is no longer required. A few thousandtsoper shot should
still be visible on the 600/gnm grating. A chemical cell is then inserted in the
IR beam path. For studies on CO we use 10 mmol of W(®XHCI; — see
chapter 5 for more details. The temporal delay is then revoped whilst watch-
ing the i-Star spectrum as the cell increases the IR paththdmgabout 2 mm.
The i-Star is then set to accumulate, and a cell spectrunkéntéor calibration
purposes, for examples see chapter 5. If the higher resolofithe 1800 gmm
grating is required, with 8 pixels per bin horizontal bingiand full gain, 51J of
IR should give up to & 10* counts per shot. The cell is then removed and the
temporal delay returned to normal.

The potassium layer may then be heaté&dod adsorbates dosed as required.
The system is now set up for frequency resolved experimémstime resolved
free induction decays, the pulse shaper slit is removed tlamdheutral density
filter re-inserted. We have previously found thaiOOuJ of the 800 nm beam
focused to~ 200um does not cause surface ablation, whereas without the slit

present there may be up to 1 mJ focused onto the surface withangresent.



Chapter 4

Characterisation of UltraFast Pulses

When making measurements upon any physical system, it sssary to have
all tools characterised and calibrated before accurat cht be taken. This is
no different with an ultrafast laser system. The experimentabdedescribed in
the previous chapter can be considered as a measuringmesttuand it has been
necessary to probe the properties of this instrument bef@aningful chemical

experiments could be performed.

The commercial laser system needs to be characterised gnta day basis,
and this is described in section 4.1. This applies equallth&infrared from
the OPA and the narrowed 800 nm light from the pulse shapat.ultimately the
spectral and temporal resolution of the experiment as aeviaoist be determined.
This chapter describes the traditional methods used taactaise each stage,
plus an original methodology for characterising the prapsrof the laser beams

in vacuo [91].

97
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4.1 Laser System Parameters

4.1.1 Pulse Energy, Fluence and Spatial Beam Profile

Pulse energy is easily determined using a commercial ermmegggr (Scientec).
If a fluence measurement (energy per pulse per unit areajjisreel, the beam
area can be estimated by aiming the beam via a neutral ddiltgtyat a CCD

camera of known pixel size. Qualitatively the beam profilewdtd be Gaussian,

corresponding to a TEM cavity mode.

4.1.2 Spectral and Temporal Profile
Spectrum

The spectrum of our femtosecond oscillator is determineith & commercial
spectral analyser which uses a rotatinffrdction grating and detector to pro-
vide a real time beam spectrum. However the amplificatiotesysvill introduce
changes to this spectrum, so it is prudent to check the speagain at further
stages in the system. We use a ‘LineSpec’ single row CCD myateached to a
0.125 m spectrograph, and for more accurate and sensit@surements we have
the Andor i-Star system and 0.3 m spectrograph as descnlssttion 3.3.2, nor-

mally used as the experimental detector. See also FROGrsdc2, below.

Temporal Width

The temporal width of a laser system is usually measured antlautocorrela-
tor. We have recently acquired a commercial autocorrel@ee section 4.1.4
below) for day to day alignment, but in the past we have beitiporary autocor-
relators when needed from standard optical component$ &y measurement

technique in science, a quantity is usually measured by eomgpit with some
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standard of comparable magnitude. With a pulse duratiohebtder of 150 fs
this would prove impossible to find. The technique of autoslation performs
the temporal measurement by comparing the beam igigf, see figure 4.1. A
beam is first divided up into two components using a beamtspliOne of the
beams is allowed to travel further along the bench, via abégidelay stage, thus
delaying the pulses with respect to the other beam. The twmbeare then re-
combined by passing in a non-colinear arrangement thronghknear frequency
doubling crystal, such as BBO or KDP. Each of the beams israggig doubled
in the crystal, but when both pulses arrive at the same tinsecand order non-
linear process occurs in which a photon from each beam is cwdlo give the
a third beam spatially bisecting the straight-through beaths, as described on
page 22. This is the sum frequency of two identical beamsd#tactor is placed
in a position such that it only detects this third centralrbethen by plotting the
measured intensity as a function of beam delay time an auaton trace can
be acquired. In practice this is done by taking the outpunftbe Linespec CCD
and feeding it into an oscilloscope, where it is frequend¢ggnated and read into
a custom written computer program. This program also ctsthe delay stage
and produces a pairwise data file of time delay and inten&i€yaussian or secant
function (depending on the assumed pulse shape) can betdtieid data, and the
FWHM temporal width can be obtained.
The electric field of the SFG, with respect to time detayill be

ESFG(ta T) o E(t)E(t - T),

and the intensity, when integrated over time by the detewatitiroe

Ad(1) = f ) ()1 (t - 7)dt.

(%)

In other words, the temporal profile of the beam is convolveth wiself.

This means that the autocorrelation will be broader thartrine temporal pro-
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file. Thus in order to extract the FWHM of the pulse width, asuasption must
be made about the mathematical form of the temporal profdeafsaussian, this
means that the width of the autocorrelation must be divided/g to obtain the
pulsewidth (FWHM). Of course, real beams are not alwaydyesspresented by
a simple mathematical function.

The temporal profile can also be more successfully measwy&RRDG, see
section 4.2 below. This also allows the phase and intensttyeoelectric field to

be reconstructed.

incoming beam

Beam- Y.
splitter |™.

<+—>

delay line

Beam-"
c < BBO
splitter Crystal detector

Figure 4.1: An autocorrelator setup.

Time-Bandwidth Product

In general, temporal width and spectral width should beeelay a simple recip-
rocal relationship. The quantity time-bandwidth productefined, as the name

suggests, by the product of the temporal pulse width witlsgeetral pulse width.
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The value of this quantity gives some measure of the ‘conifyfeaf the pulse
shape; the greater the value, the more complex. For exampguare wave,
which contains many Fourier components, has a time-baridywirdduct of 1.

The time-bandwidth products for various pulse shapes aengn table 4.1

below.
Function Time-Bandwidth Product
Square 1
Gaussian 0.441
Hyperbolic Secant 0.315
Lorentzian 0.221

Table 4.1: Time-bandwidth products for various pulse shapes.

4.1.3 Chirp

Chirp is a variation in frequency with time (temporal chirpj a frequency vari-
ation over the spatial width of the pulse (spatial chirp)eTérm arises from an
audio analogy; if for example the pitch of a bird’s song wersteadily increase
or decrease during its call, then this would make a ‘chirpgaynd. Chirp can
be introduced by misaligned components, especially inrgmguency domain sec-
tions of the regenerative amplifier wherefdrent components of the spectrum
pass over dierent path lengths — indeed this is the principle of operabibour
CPA amplifier (section 3.1.3). The chirp introduced by thephfication process
should be removed in the compressor stage, but misalignoftemt means this is
not the case. Chirp is undesirable for many reasons. The @BA ot function
efficiently with chirped pulses. Also, if the frequency of pusevolved in time

resolved SFG varies with time, then recorded spectra wiltt ak the time delay
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is varied, which may mask any genuine chemidéé@ present. Chirp is best

measured with FROG, as described in section 4.2 below.

4.1.4 Pulse Front Tilt

Pulse front tilt is where the@hase front(line of common phase) is tilted with
respect to the normal of the direction of wave propagatiea,fgjure 4.1.4. Such
a pulse tilt is commonly introduced by a misalignment in tbenpressor part of
the regenerative amplifier. For most purposes, such a tiftne great importance,
but the performance of the Light Conversion OPA we use isifsoigimtly affected

by tilt. With this in mind, a special autocorrelator was dggd and constructed
to measure pulse tilt, which is described in detail in my ehdlrst year report

[44]. It consisted of a very similar arrangement to the staddautocorrelator,

intensity front

o™
(]
/

Direction of propagation

Figure 4.2: Pulse tilt.

with the exception that one of the two paths passed thoughddmamber of
mirrors. This has theftect of spatially inverting the beam, and hence inverting

the pulse tilt if present. Now when the two beams are recoatbany tilt should
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Figure 4.3: Measuring pulse tilt: phasefronts are shown, a and b are delayed
in time wrt. each other.

manifest itself as a sideways movement of the autocorogléeam with changing
time delay (figure 4.3). This is because a pulse tilt wifeetively ‘resolve’ any
change in temporal delay along the axis of propagation aiterdl motion of the
point of overlap, and hence into motion of the sum frequeregn. Whilst this
worked well, it was dificult to set up with sfiicient accuracy each time it was
needed and eventually we were able to purchase a commendidram Light
Conversion. This works in a similar manner, but is ffeet ‘solid state’ with no
temporal scanning required. This is achieved by having tide Wweams cross at
different angles with respect to the azimuth of the doublingtakyshis maps the
temporal delay to the spatial width of the line projectedjryg a literal image of

the pulse width. The pulse tilt is directly represented kgytitt of the projected
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line. For more details of this temporal to spatial mappirgg the section on
FROG (4.2). Such a direct read out gives immediate feedbadkglalignment

of the regenerative amplifier, thus ensuring optimal OPAgrarance.

4.2 Frequency Resolved Optical Gating

FROG is a relatively new technique, developed by Rick Trelamongst oth-
ers [92]. A FROG trace contains information about how thecspen of a pulse
varies along the timespan of the pulse. An analogy for thikas of a musical
score. This shows the notes (frequencies) of a musical pidberespect to the
duration of the piece. This information can be used to diagriaser problems,
for example, a chirped pulse (section 4.1.3) would have adgtéencrease or de-
crease of frequency with respect to time. One way to meahbigéstto set up an
autocorrelator as in section 4.1.2, and record the entgeteym at each time de-
lay rather than integrating it. These data can then be platea two dimensional
trace, plotting frequency versus time. The additionaldiestcy dimension can be
used to reconstruct the electric field of the pulse.

The temporal scanning method has several disadvantagesippily that it
takes a long time, and it assumes that each successive putdemtical, and thus
meaningful to the overall trace. It would be much better k@tean entire FROG
trace in one shot, and the commercial FROG we use in outGRENOUILLE
does just that — and has no moving parts [93, 94].

Like the commercial pulse tilt autocorrelator we use, BRENOUILLEsplits
a beam elongated by a cylindrical lens up into two parts andsas them at an
angle in a nonlinear doubling crystal (figure 4.4) which mapeesolves the tem-
poral profile of the beam on to a spatial direction. The splitis done using a

Fresnel biprism. The spectral dimension of the FROG traobtgined by using a
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thick nonlinear crystal. As described in section 2.2.1 nbh&& a nonlinear crys-
tal are subject to a phase matching constraint upon thely angles to conserve
photon momentum. The thick crystal has a relatively smalgehmatching band-
width, so the phase-matched wavelength produced by itsanth angle. Thus
the nonlinear crystal acts as a spectrograph in the plahegwhal to the arrange-
ment shown in figure 4.4. Finally, the two dimensional FRO@sqa is imaged

with a CCD camera and read into a computer.

Non Linear Crystal
Pulse 1 - __
Pulse 1 arrives
before Pulse 2 To
CCD
PL"SG/'

Figure 4.4: How the GRENOUILLE FROG maps time on to a spatial direction.

Arrive together (spectrum generated
by thick NL crystal
in plane normal
to the paper)

Pulse 2 arrives
before Pulse 1

Time projected
along this axis

This two dimensional SHG FROG trace is mathematically regméed by
00 2
lFroc(w, T) = ‘fw E(DE(t — 1) expiwt)dt
which is the Fourier transform of the electric field intepgjated (convolved) with
itself. The computer program must therefore invert thisatiqgun to recover the
electric field and hence its phase. This cannot be done &wlyt so a complex
iterative algorithm is used — for more details see Trebihosk [92, chapter 8].

No assumption needs to be made about the mathematical fdime ptilse shape.
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FROG measures many of the parameters described in secli@bdve. The
pulse temporal and spectral widths are obtained from thenstoucted electric
field. Spatial chirp is indicated by a tilt in the FROG traceuld® front tilt is
indicated by a displaced trace along the temporal axis,Hautilted front pulse
autocorrelator is much more intuitive for real time coriectof any tilt from the
TSA. The most useful practical feature of FROG is the rea¢tieedback for laser

alignment.

A few examples are now given. Figure 4.5 shows a very roundexeth
FROG trace (with its electric field reconstruction) from #eunamfemtosecond
oscillator. The pulse length is 91.2 fs FWHM, the spectradtiviis 4.87 THz
FWHM and the time-bandwidth product is 0.44. Figure 4.6 shaWwROG trace
after the regenerative amplification stage. The amplifielsazbmplexity to the
pulse, and it is the object of amplifier alignment to reduas #iilded complexity
as much as possible. The pulse width is 140 fs FWHM, spectdihws 4.36 THz
FWHM and time-bandwidth product is 0.61.

It was noted in the previous chapter that the position oftedlreflective and
refractive elements in the pulse shaper for the visible comept of the SF are crit-
ical to the temporal and spectral resolution of the expamin(gection 3.1.5). Real
time feedback from FROG allows this part of the experimertiéaligned very
efficiently. If the narrowing slit is removed entirely, then talse shaper should
return pulses of the same (or very similar) form to those ftbmamplification
stage. Figure 4.7 shows an example of a FROG trace and reectis for the
output of the pulse shaper. Again, some complexity has baesduced, but this
has at least been systematically minimised. However, mékample the pulse
frontis clearly tilted as shown by the displacement of thedralong the time axis;
this is not a problem for the up-conversion pulse. The puls#hais now 127 fs

FWHM, the spectral width is 4.91 THz FWHM and the time-bandhviproduct
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Figure 4.5: FROG trace of the femtosecond oscillator. The upper plot is the
raw FROG data, whilst the lower left and right plots are the reconstructed
electric field in the time and frequency domains respectively. In each of these
plots the red trace is the intensity profile (which is the most useful for our
purposes), and the trace is the phase.
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Figure 4.6: FROG trace, and electric field reconstructions, of the output of the
regenerative amplifier stage.
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Figure 4.7: FROG trace, and electric field reconstructions, of the output of the
pulse shaper stage, without narrowing slit. In this example the pulse front is
clearly tilted, as shown by the displacement along the time axis.
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is 0.63. One notes a gradual increase of this product (ancehte pulse com-
plexity) as the pulses pass through the system from oswil{@t44), to amplifier

(0.61) and to pulse shaper (0.63).

4.3 Novel In-Situ Pulse Characterisation

4.3.1 The Problem

For accurate temporal and spectral measurements the tehapaorspectral prop-
erties of both IR and VIS beams need to be known in order to fd,d#s seen
in chapter 5. Whilst the properties of the VIS beam are knowFBYDG this
still leaves the IR beam uncharacterised. This would betioaally achieved by
methods similar to those described in section 4.1.2; onddvoerform across
correlation (comparison of one beam with another) of the pre-charasdVVIS
beam and the uncharacterised IR beam, and then recovaniation about the IR
beam from this. The VIS and IR beams would be combined in aimea crys-
tal, with one subject to a temporal delay, and the intenditye sum frequency
can be monitored as a function of time delay [35, 95]. The egipa for such a
measurement already exists in our experiment, the timey dieka and the LilIQ
crystal are already in place. However, this still does ntmvafor in situ char-
acterisation — the Lil@ crystal is not subject to exactly the same geometry as
the in-chamber arrangement. The Lil€rystal has a finite thickness and the ef-
fect of this is to spread (convolve) the temporal measurésri@nthis finite width
(see section 4.3.4). Not to mention the fact that LiEDruptly stops transmitting
above 5.5um, which is acceptable for measurements specific to CO bhiaper

not for other molecules such as NO.
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4.3.2 The Solution

In the previous chapter, it was mentioned that we use a ldy@otassium on our
metal crystal to assist in the day to day alignment of the ewxpnt. We have also
found that such a metal layer gives us an excellent tool fectraracterisation of
the instrument as a whole. One uses the potassium layerdptecthe surface to
align the system, as the nonlinear medium in the crossedioal of the VIS and
IR beams and then one observes the surface SF signal as eifunicime delay
between the two beams. For each time delay an SF spectrumdagad similar
to the one given in figure 4.8. A program to control the delagstand ICCD
for this is given in Appendix A. The width of the IR pulse candetermined by
mathematically deconvolving the known temporal form of ¢isble pulse from
the cross correlation trace. By measuring the entire spacof the SF signal
as a function of time delay, a FROG trace can be taken (allo¢iarsingle shot
FROG as taken by th e RENOUILLE, comparing the visible pulses with the IR
pulses. The cross-correlation of the broadband 800 nm be#mttve IR gives
the dfective instrumental temporal resolution of the instrunfentree induction

decay studies — section 5.4.1.

4.3.3 Characteristics of Our System

FROG indicates that the pulse width before the pulse shapet( fs, and 125 fs
afterwards, with no slit inserted in the shaper (see sedti®n The spectral width

of the unchanged 800 nm pulses is 7.4 nm (116%¢mif a slit is placed in the
shaper, then the pulses become spectrally narrowed to hga@cnt?), for a

slit width of 200um, again measured by FROG. The experiment was set up as in
the previous chapter, during the surface alignment stagk,just greater than a

monolayer of potassium on the R010} surface. A cross correlation of the IR
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Figure 4.8: Example of non-resonant SF signal from potassium covered
Ru{1010}. Data like these are collected for each IR-VIS delay time in the
cross correlation. The example in this figure is at 7 = 0.

and broadband VIS pulses was taken by varying the IR-VIS telay, with 50
shots being taken for each delay time. This takes about 6tasnand is shown

in figure 4.9. This cross-correlation is mathematicallyieglent to

lee(7) = [‘X’ Eir()Evis(t — 7)dt.

Assuming a Gaussian temporal profile for the VIS pulses off$2&dth, the
form of the IR temporal profile can be obtained by deconvohutiyielding an
IR pulse width of 240 fs at a centre wavelength of pmd. This has a spectral
width of 156 cm! (thus indicating how spectral resolution would be lost with
broadband VIS beam) and a time-bandwidth product of 1.1.s&®F spectra
can be plotted as a function of time to yield a FROG trace (6gufd0). The tilt
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of this trace indicates a slight temporal chirp of 0.7 (cnt¥s)When the same
experiment is performed with the narrowed VIS pulses (@@0slit in place, over
100 shots per delay time) it yields a temporal width of 2.76thgs highlighting
how temporal resolution is lost with the spectrally narraeain (also figure 4.9).
The fundamental limit of the resolution of the spectrograghtector is 0.6 crt
per pixel for the 1800 gnm grating.

109 o FWHM270fs B
m FWHM 2.8 ps

integrated SF signal / a.u.

delay time / ps

Figure 4.9: In situ cross-correlations of IR pulses with broad (©), and narrowed
() visible pulses.

4.3.4 Advantages of this Technique

| have already stated many of the advantages of this systech&oacterising laser
pulses. Measuremeint-situ gives results as close as is possible to the conditions
of the real experiment. The inherent thinness of an adsontedl layer on a
surface removes the vast majority of the optical dispersioth phase matching

effects which are present in nonlinear optical crystals ofdititickness. The
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Figure 4.10: FROG trace generated from spectrally resolved cross correlation
of IR with spectrally broad visible pulses. The original greyscale FROG trace
is shown, with added coloured intensity contours for clarity.

difficulty in maintaining the phase matching condition througttbe finite width
of a nonlinear optical crystal broadens correlations peréd in such crystals.

And with many crystals, the transparency range is finite.

It is possible to use a GaAs wafer in reflection to charaaeaser pulses.
However, these have a low damage threshold, and unless aoekisig on GaAs,
these have to be mechanically inserted in the beam path hisétdificult to

reproduce.

The SF signal is not particularly sensitive to potassiumecage, peaking at
1 ML but only halving in intensity for multilayer coverageale have found up to
a 300 times enhancement in signal strength over a cle@bORQ} surface. Sim-
ilar levels were found using a 11} surface. This compares with enhancement

factors of 70 [96] to 1000 [97] with alkali metals for secoratimonic generation.
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The cleanliness of the surface makes littl&etience; often whilst realigning the
system we have dosed potassium on top of a CO layer and othtsiméar sig-
nal levels. We fitted a second Getter source to the vacuum lnéraand dosed
caesium on to the surface, with theet of roughly doubling the SF signal.

As a final note, it is possible to see many other nonlinearge®ees at work,
simply by rotating the sample manipulator until the anglessitable for these
processes to be detected. Figure 4.11 shows IR-IR-VIS Skhq{810 nm), VIS
second harmonic (400 nm), andfdrence frequency mixing between the VIS SH
and the IR (440 nm), as well as the IR-VIS SF signal (700 nmjl isethe cross
correlations.

i VIS SH (x1/6)
400 IR-VIS SFG

signal / counts
N
o
o
1

IR-SH VIS DFG

100+
0 \»w /L

1 T 1 1 // 1 1 1 1 1 1 1 1

400 420 440 460 580 600 620 640 660 680 700 720
wavelength / nm

Figure 4.11: Various nonlinear optical interactions of the IR and visible pulses
seen on a K covered Ru{1010} surface.

4.3.5 Physical Origin of the Enhancement

Before concluding this chapter, | shall discuss in moreiti#ta physical origin
of the SF signal from the alkali metal layer. Density funoibcalculations of the

SF response of a bare and Cs covered metal surface have vessmpd using a
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jellium model [98]. This predicts an increase in SHGogency of between Fand
10 for two layers of Cs and an 800 nm light source. Much greatkaroements
are possible if either the VIS or IR beams are close in frequea the alkali

metal’s plasmon frequency, which for a simple free electratal is given by

ne?
Wi = ——

P eme’

For Cswy corresponds to 2.9 eV. Our VIS beam has an energy of 1.55 eV and
the IR-VIS SF is at 1.80 eV. Clearly the 300 times enhancergtihe Cs layer
is not a resonantfiect.

However the dterence frequency signal of the IR and the doubled VIS could
be resonantly enhanced on the K layer as the photon energg®g¥ is close
to the plasmon frequency of potassium which corresponds7te\2[99]. One
might wonder if such a resonant process coufda the temporal response, and
hence reduce the suitability for cross-correlation puggodHowever, a study of
alkali metal clusters found the plasmon dephasing time tbdieeen 1 fs and
15 fs [100]. This is insignificant compared with the pulse th&lused in our ex-
periments but couldfBect users of 20 fs laser systems. We could approach the
plasmon frequency by using a 400 nm VIS pulse (i.e. 800 nm l@djbwhich
whilst increasing the resonant enhancement would probadayce the overall
signal due to intensity loss in the 460 800 nm conversion and the lower sensi-
tivity of the i-Star CCD at these wavelengths.

So for our system at present the enhancement due to the @ml&tdi layer is
probably due to the non-resonai? of the layer, as a resonant plasmon enhance-

ment has been ruled out at these wavelengths.



Chapter 5

Study of CO on Ru{1010}

In this chapter | present the first chemical results from tirfast spectrometer.
These were obtained from the RO10} crystal originally purchased to study the
photocatalytic decomposition of water as described inieect.1.3. R§1010}
was chosen to provide an interesting surface structureritast with the close
packed R{0001} surface studied by Bonet al.in Berlin and Leiden as part of the
water decomposition framework (section 1.1.3). The 1RO} surface is shown
in several diferent representations in figure 5.1. CO was chosen as it lzaage |
dipole moment suitable for SF study; also it is a well studrezecule in the sur-
face science community due to its many roles in commeraiallgsis, not least its
oxidation into CQ on platinum type metals in vehicle exhaust catalytic cover
ers. See [101] for a review of the surface science of CO orsitian metals. The
CORU{1010} system has proved to be an interesting and challenging ystis
to study using the new spectrometer, with surprisingljeliprevious work being

published on this metal-adsorbate system in the surfaesaeceiliterature.

Three main coverage dependent data sets of the CO stretpiefrey and
linewidth are presented in this chapter, referred to as sket® 1, 2 and 3. Data

sets 1 and 2 were taken in the summer of 2002 and data set 39prihg of 2003.

117
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0001
direction

1210 direction —>

<1010 plane

Figure 5.1: Ru{1010}. Left hand panel shows {1010} plane in relation to the
close packed plane. Top right panel shows surface view, and lower right panel
shows a 3D representation with a single adsorbed CO molecule.

Sets 1 and 2 were taken before electrochemical polishirigdet{lOIO} sample,
and set 3 afterwards. However, as we shall see, the speatafrdm all three

sets are in very good agreement.

Spectral data set 3 is also accompanied by some corresgoine@induction
decay measurements. The work in the previous chapter oetigoral charac-
teristics of the experiment is used to accurately fit the Filachnd gives a much

more accurate measurementflgf/ linewidth than the spectral data can provide.

A brief isotopic study is presented to estimate the contidioof dipole-dipole
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coupling to the &ects seen in the coverage dependent data. ffeetef sample
temperature on the CO stretch frequency is also investdatdwo coverages.
The data sets represent the few occasions out of many atenen every
part of the experiment was working consistently well enoogér the 24 or so
hour period needed to align the system, characterise tlee del take enough

data for a wide variety of coverages or temperatures

5.1 Previous Studies on this System

The first study of the CORU{1010} system in the literature was conducted by
Bonzelet al.in 19757 [102, 103], as part of a more substantial study of NO on
the same surface. This group did not see an ordered CO lajfeL&®ED even at
80-120 K. They also produced TPD data which agree with latekevs. Their
structural conclusions were later confirmed by Kiskinetal. [104, 105]. The
most detailed previous study of the {1010} system, and the most useful
for our purposes, was performed by Lawghal. in 1989 [106]. These work-
ers used a combination of LEED, High-Resolution Electroergyp Loss Spec-
troscopy (HREELS), TPD and Contact Potential Change (CP8asurements.
Theydid see ordered CO layers at low temperature. Rotdrad. added to this an

X-ray Photoelectron Spectroscopy (XPS) study in 1996 [107]

5.1.1 Structure

Lauthet al.[106] reported that at 120 K their clean and annealed.B10} surface
showed a (x 1) LEED pattern. Upon exposing 0.7 L of CO they noticed & (B
overlayer appearing. They performed a coverage dependeEDLstudy, and
used TPD to calculate the coverage for each exposure. Titempreted results

for various coverages are summarised in figure 5.2. Theyesigjgat at coverages
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greater than 0.66 ML the CO molecules must tilt in alternatecations to allow
packing in the limited space available. The saturatiorcstine is a complex quasi-
hexagonal densely packed array. They back up this suggegtiotheir HREELS
data, see section 5.1.3. The saturation coverage is 1.2Rdfariset al. [107]
suggest from their XPS study that this is equivalent to 1 Mltamsites, and the

remainder on bridge sites.

5.1.2 Previous TPD results

Lauthet al. performed their TPD experiments by adsorbing at 100 K, ahaaed
saturation coverage afters L of exposure. At saturation they note 3 thermal
desorption peaks, designated3ag380 K), 8, (400 K) andB; (520 K). The high
temperatur@; peak fills first, by 1.0 L of exposure. Then thgpeak grows until
2.2 L of exposure. Thg, peak appears as a shoulder to fageak, increasing
until the surface is saturated. From their TPDs they catedlghat the sticking
codficient, §(®), at 120 K is close to unity up until 1 ML, and then decreases to
zero. At 250 K, the intitial sticking cd&cient is only 0.9, and decays much more
rapidly upon increasing coverage due to the competing gésarprocess, which

occurs from theg; andg, peaks at this temperature.

5.1.3 C-0 and CO-Ru Stretch Frequencies

The HREELS data from Lautbt al. reveal a steady linear increase in the CO
stretch frequency with coverage, of around 1975%at near zero coverage, ris-
ing to 2062 cm? at saturation. These results are plotted later (figure 5 Eec-
tion 5.3.2) as a comparison with our data. The CO—Ru stréteclco¢mpleteness,
as we cannot measure this in our wavelength range) variebdoyta +10 cnt?

with increasing coverage, and reaches a maximum of 453 ab® = 0.3 ML.
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p(3x1) ("2x1") (3x1) ("4x1")
0.3 ML coverage 0.47 ML 0.66 ML 0.75 ML

Arrangement of
"Tilted" CO

(2x1)-p2mg 1.22 ML (saturation)
1.0 ML one domain only

Figure 5.2: CO on Ru{1010}, based on data from LEED / TPD study by Lauth
et al. (1989) [106]. See text for details.
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5.2 Sample Preparation

5.2.1 Cleaning and Annealing

The RY1010} crystal was supplied mechanically polished by Metal Cigsaad
Oxides (Harston, Cambridgeshire) and measuned 8x 3 mm. It was cleaned
using cycles of argon ion bombardment, annealing to restar@ace order, then
heating in oxygen to remove carbon by oxidation to form COisThethod is
broadly based on that used by ktial.[103] and Harrisoret al. [108], amongst
many others.

The actual cleaning recipe used is described below andtigithen by Christ-
mann ([109], based on [110]); with the exceptions that Gimasn’s method uses
neon rather than argon for sputtering, and that the oxygele ¢y based on that
used by Tikhov [111].

e Anneal to 1450 K for 2 min
e Wait for pressure to recover to5 x 107° mbar
e Briefly flash to 1450 K

e Hold crystal at 650 K (avoids CO and;lddsorption) and sputter with Ar at
~ 1 x 107 mbar for 20 min at 500 eV beam energy

e Expose to Qfor 15 mins at 5< 10~ mbar and 1000 K

e Anneal 3 or 4 times to 1450 K for 2 min, to readf aarbon and remove

oxygen
e Sputter for a further 15 min as before

e Flashto 1450 K
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Occasionally the crystal was flashed to 1550 K by connectmgdalitional
power supply as described on page 71. Tikhov [111] suggb&sd a more
effective annealing temperature, but it is close to our theouple melting point
so was not used frequently.

Due to the dificulties in obtaining a LEED pattern described in sectionZ.2
an electrochemical polishing procedure was later perfdrioe the crystal by
MaTeck GmbH (Juelich, Germany) to better thah°0 SF data sets 1 and 2 in
subsequent sections were obtained before this polishisgpedormed, although
little difference was observed with adsorbed CO via LEED or SFG (i.a. it

3) after the process.

5.2.2 Surface Order: LEED, Laue and AFM

The clean surface LEED pattern of the (ROLO} samplebeforeelectrochemical
polishing is shown as figure 5.3. The spots are not very shaipaee vertically
elongated in the [0001] direction. Removing the sample ftbenchamber, ro-
tating it 90 and replacing it also changed the orientation of the eloagathus
showing this to be a property of the sample rather than theD &jics.

Such elongation of the spots could be characteristic of teegmce of terraces
on the surface. The size of a LEED spot, as with any othémadtion pattern, is a
convolution of the diterent length scales present in the sample. For a surface with
no terraces, the convolution of the surface structure wighdrge scale flat surface
represented in reciprocal space does not change the spoYgien small terraces
are present, which are large in reciprocal space, this wailse a spreading of the
LEED spots.

Coupled with the fact that we could not see any additionatssptiributable
to an ordered CO overlayer at any temperature, we decidedve the sample

electrochemically polished as described in section 5.After this process the
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Figure 5.3: LEED photograph of Ru{1010} sample before electrochemical pol-
ishing. Beam energy is around 120 eV, sample temperature is 100 K. Spots
are vertically elongated. These photographs are taken with a domestic camera
and are not of good quality.

clean surface LEED pattern was less elongated, as shownuire fig4, but the
spots were still not as round and sharp as they ought to be.ONov€rlayer spots

have been observed by us to date.

Given the disappointing LEED results, the crystal was regdito Metal Crys-
tals and Oxides (pre electrochemical polishing), and théyexted it to Laue
X-ray diffraction to determine the bulk order. This uses a broadbaactigpm of
X-rays to satisfy the Bragg condition for manyfdacting planes, and thus all of
these planes are seen simultaneously on one image. The isdbingadly similar
to that used for LEED as shown in figure 3.29, but with the sewfcelectrons
replaced by an X-ray source, and the hemispherical scredscesd by a flat pho-
tographic plate. The Laue pattern is shown in figure 5.5. Garesee that the
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Figure 5.4: LEED photograph of Ru{1010} sample after electrochemical pol-
ishing. Beam energy is around 100 eV.

pattern is slightly displaced in the vertical directionrfrahe central beam. This
could indicate a mis-cut of up t@ 2which would produce terraces on the surface.
For a structure 1 atom high, this corresponds to a terracand® t= 29 atoms
wide, which corresponds to a terrace size of for example 7ToAgathe ridge

(IZIO) direction, assuming an atomic separation of 2.70 A [19@jis direction.

Also before professional electrochemical polishing, #w@gle was examined
on an Atomic Force Microscope (AFM) (with thanks to Dr. Howgi Li of this
department). The AFM image is shown as figure 5.6. This shbassthe long
range order of the crystal is not very good, and may haffesad adversely from
polishing. It should be pointed out however, that this image taken just after
our own attempt at electrochemical polishing and this malf have made the

surface temporarily worse, or at least exacerbated egifdlts.
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Figure 5.5: Laue X-ray diffraction pattern of our Ru{1010} sample.

We must therefore conclude from LEED and Laue that oUlBL0} sample
has some mid-range disorder, and from the AFM it is quitetshetl over larger

length scales.

5.2.3 Surface Cleanliness: AES and TPD

AES spectra of the R010} surface were taken after several of the cleaning cy-
cles described in the previous section, and show the reoifpe fective. An
example of these is given as figure 5.7. The characteriséikgef ruthenium and
oxygen are indicated by comparison with the spectra giv@88h The small oxy-
gen peak at 510 eV shows that there is little oxygen contaimmaThe largest
characteristic peak for carbon contamination would be s¢@@5 eV, but is nor-
mally obscured by the large ruthenium peak at 277 eV.

However, from [108, 109, 112, 113], the total peak heighifrearbon and
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Figure 5.6: Atomic Force Microscope image of our Ru{1010} sample.

ruthenium at this energy, and the ruthenium peak height ae*3should be re-

lated by
_ Rup77+ Cors

R
Rupss

1.8

for an uncontaminated ruthenium surface. This is the casédth spectra in
figure 5.7.

Oxygen TPDs were taken to show th@&acy of the oxygen treatment to re-
move carbon. If carbon is still present, oxygen will readtwthe carbon to form
CO and thus the amount of oxygen seen in a TPD will be less., Amton will
block oxygen adsorption sites and a characteristic low tzatpre mass 32 des-
orption peak will be attenuated. Example oxygen TPDs aresliofigure 5.8 for
successive 0.6 kL oxygen treatments at 900 K. After severgjen treatments,

the TPDs agreed in shape and integral with those given byovViktil1] and thus
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Figure 5.7: Auger Electron Spectra of our Ru{1010} sample after cleaning. It
is shown in differential form, and was taken with 2.5 keV incident electrons,
channeltron bias of 3.5 kV, sensitivity of 50 mV, the AES analyser at 110° and
sample at 333°.

the surface was deemed to be free of carbon contamination.

CO TPDs provided the main method of surface cleanliness toramg, by
comparing the form of a saturation coverage TPD with thosergby Lauthet
al. [106] (described in section 5.1.2). Figure 5.9 shows the §B&@responding
to data set 3 for all coverages examined in this experimetilsSNCO was being
dosed into the chamber, the mass spectrometer was set t@thmiar range
at mass 28, and the exposure is recorded at 1 point per sesorglthe same
acquisition software used for TPDs, but replacing the @idaxis with time. The

software displays an on-screen cumulative exposure valteeaback to the user
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Figure 5.8: Oxygen on Ru{1010} TPD spectra after successive oxidation treat-
ments. The peak in the blue curve at 1040 K represents the presence of a
monolayer of oxygen according to [111].

operating the dosing valve. The mass spectrometer rea8sides less than the
main chamber ion gauge; using this conversion (and4 L x 10 mbar per
second), the integrated area under the exposure curvesvsréed to an exposure

in Langmuirs.

A saturation exposure TPD is usually taken after each dég@nmg to check
for cleanliness. Then for each coverage in a coverage depestudy, the expo-
sure is measured whilst dosing, and a TPD is taken after thex@&riments have
completed at that coverage. Each TPD curve has a backgreauseéa by desorp-
tion from the heating wires. The background is determineditbgg a function

(usually exponential) to the far head and far tail of the eymwith the important
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Figure 5.9: CO on Ru{1010} TPD spectra corresponding to SF data set 3.

central region masked out. This function is then subtrabi@a the TPD data.
The curves in figure 5.9 have been treated thusly. Assumatg#turation cover-
age is 1.22 ML from Lautlet al.[106], coverages for all the sub-saturation TPDs
are then obtained by scaling this value with respect to thegnated area. One
can certainly see peals andg, seen by Lautlet al.and possiblys; also. Figure
5.10 shows the coverage versus exposure, and from this ongafely assume
that saturation is obtained after about 7 L, in excelleneagrent with Lauthet

al. considering the dierent vacuum systems used. It also shows that the sticking

codficient is roughly constant up tel ML.
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Figure 5.10: Coverage versus exposure for CO on Ru{1010}.

5.3 Frequency Domain Study

5.3.1 Experimental Details

Each of the three data sets described was obtained by trwvio method.
Firstly the laser system was warmed up and optimised asilledcin section
3.1. Whilst the laser was warming up, the (ROLO} crystal was cleaned by
the recipe presented in section 5.2.1. Oxygen and CO TPDtharetaken to
check the surface cleanliness as described in section 5TA& OPA was set to
5.5um which corresponds to a broadband IR envelope with a cerggriéncy
of around 2040 crmt and FWHM of 140 cm! when calibrated. Then the beams
were aligned into the chamber — section 3.3.4.

With the potassium layer still on the surface, the slit in pugse shaper in-
serted and narrowed t©200um and the chemical cell containing 10 mmol of

W(CO) in CCl, inserted in the IR beam path, the SF “spectrum” from the K
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layer is recorded to provide the spectral calibration. Thsmilar to Hest al.
[114, 115] who use W(CQ)in their studies of CO on R0001}; they use a LilQ
crystal to record the SF spectrum for calibration. They higenheasurement of
Tomakdf et al.[116, 117] who assign the main spectra feature in the wagéhen
range of interest of W(CQ)to be at 1980 crit. Our cell is of a type which may
be used directly with a bench top IR spectrometer, so it wesntéo the teach-

ing laboratories in this department and its spectrum is shas\figure 5.11. The

PERKIN ELMER

B82.74+
®T

0.34

PEAKCUR
1977.7
cm

0.00 ¢ /\

T T
4000 3500 3000 2500 2000 1500 1000 cm

Figure 5.11: IR spectrum taken with Perkin EImer spectrometer of the 10 mmol
of W(CO)g in CHCI3 chemical cell used for calibration. The main spectral fea-
ture of interest in our wavelength range is at 1977.7 cm™.

spectral feature of interest is at 1977.7¢rand this has been used to calibrate alll
the spectral data presented in this chapter. The specpoggaet up for a central
wavelength of 690 nm as this corresponds to stretch fregeeacound 5000 nm

(or 2000 cm?) for a VIS pulse at 800 nm. The centre wavelength and widthef t
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VIS pulse is also measured by changing the spectrographtsece/avelength to
800 nm and by removing one or two of the 800 nm filters. The e¢ntavelength
of the VIS beam is used to convert the SF wavelengths to IR leagéhs.
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Figure 5.12: Spectrum of W(CO)g cell from K covered surface, 3000 counts.
Taken on same day as data set 2. OPA centre frequency was set to 6 um,
and produced 5 pJ of IR. The energy of the VIS beam was 8 pJ (slit width
= 200 um). With a VIS beam of 802.8 nm this gives the spectral dip to be
at 1945 cm™ c.f. 1977 cm™ from figure 5.11. This difference is used as a
calibration. See text for details of fit.

An example cell spectrum using the K covered surface frora slet 2 is given
as figure 5.12. The cell spectra are fitted to a Lorentziarractetd from a Gaus-

sian function

Ok

A—K)Z_ C
(/l—/lw)z-l-O'W

wherelk is the centre of the non-resonant K envelopg,is its width, Ay is the

A+ Bexp(

centre of the W(CQ)spectral linegy is its width andA, B, andC are constants.
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We also at one point borrowed a 10 cm long glass cell contgidmbar of
CO to place in the IR path. Whilst not actually used for calttmm purposes, an
example transmission spectrum from the K layer is shown as€i§.13 where

the individual rovibrational lines of the CO gas can be dieseen.

4x10” |
|

SF signal / a.u.

0-— : I I I -

2000 2100 2200 2300
Frequency / cm’

Figure 5.13: Gas phase spectrum of 10 mbar of CO placed in IR path, from
the SF signal on the K layer. The central absorbance minimum at 2143 cm™
is seen, and in the insert the individual rovibrational lines of the P and R bands
at a separation of 3.83 cm™ can also clearly be seen.

The crystal is then flashed t61200 K to remove the K layer. The gas line is
pumped down and CO is admitted to it from the cylinder. Thessgectrometer
is set to the 1@ mbar range and the total integral exposure is monitored as ga
is dosed into the chamber. A SF spectrum is then taken at thisrage, with a
“photon counting” threshold set to around 320 counts peptph”, to maximise

the height of the central peak, and minimise the noise atdiges Spectra are
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usually accumulated over 10,000 laser shots, which takesid$ for our 10 Hz
laser system. A free induction decay can then be taken (stiers&.4.1 for full
details) if needed. Then the mass 28 TPD is taken as desc¢nilsedtion 5.2.3 to

determine the coverage.

5.3.2 Results

Figure 5.14 shows an example of a raw (uncalibrated) SF spedin this case
saturation coverage), with the ordinate axis as direckigriidrom the spectrograph

(but truncated at either end). Figure 5.15 shows the cadihi@F spectra from data

120 — —

e Raw SF signal
—— Lorentzian Fit

100 —

80 —

60 —

SF Signal / counts

40

680 685 690 695 700
SF Wavelength / nm

Figure 5.14: The raw uncalibrated SF signal, in the visible range for saturation
coverage, and a Lorentzian fit. See text for full details.

set 3 as a function of coverage, with a sample temperatur@®K2The coverage
calibration corresponds to the TPDs given in figure 5.9. €lvesre taken on the
high resolution (1800/gm) grating, accumulating over 10,000 laser shots on full

gain. Theincident VIS energy is around l®and the IR energy aroundi3. This
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is with an OPA output of around 8], with attenuation due to reflective optics and
the chamber window. Figure 5.16 shows an example of the dadace non-

resonant SF signal from the RI010} sample. At only 5 counts over 10,000 shots

160
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Figure 5.15: Coverage dependence of SF spectra of CO on Ru{1010} (data
set 3). Each spectrum was accumulated over 10,000 laser shots, sample
temperature 200 K. The discreet coverage axis is not to scale. See text for full
details.

it is negligible compared with any of the spectra shown inregb.15. Therefore
spectra have been fitted to equation 2.30 squared, i.e. alpueatzian and no
non-resonant background. Figure 5.14 shows such a fit (athof course in
reality all spectra were fitted to thealibrated data as a function of frequency
rather than wavelength). It is interesting to note that ost €O spectra had larger

non-resonant background signals (comparable in amplituthes lowest coverage
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resonant signals), which gradually decreased as the thetame cleaner. This

non-resonant signal was attributed to tffeets of contaminants upon the surface.

SF Signal / counts

= L
680 690 700
SF Wavelength / nm

0- T
710

Figure 5.16: Non-resonant surface SF signal from clean Ru{1010} sample,
accumulated over 10,000 laser shots.

The Lorentzian fits were performed by Wavemetrics Igor Pnd,feom these a
centre wavelength and FWHM were obtained, with associatedse The error is
set to the limit of the resolution of the detection systerd @t per pixel) when
the calculated error is smaller than this. The centre fregies from all three data
sets are shown in figure 5.17, plotted alongside the EELSfdatalLauthet al.
[106] as described in section 5.1.3. The linewidths arergindigure 5.18. These
data are fully discussed in section 5.5 but first | shall exenthe time domain

free induction decay data.
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Figure 5.17: Coverage dependence of centre frequency. Sample temperature
is 200 K in all three experiments. The SF data is compared with the EELS
work of Lauth et al. [106]. See text for details.

5.4 Time Domain Study

5.4.1 Free Induction Decay Measurements

During the experimental session of data set 3, three fregciieh decays were
taken, again at 200 K. After collecting the spectral dataliat coverage, the slit
in the pulse shaper and the glass plate in the VIS beam pathreieroved and the
neutral density filter inserted in the latter's place to pobthe R¢1010} sample.
In this way, the broadband VIS beam has a very similar en@rgjyet narrowband
pulses of around 1{J, and the IR remains at&.

The FID acquisition software written by the author for thedani-Star, given
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Figure 5.18: Coverage dependence of the linewidth. Sample temperature is
200 K in all three experiments.

in appendix C, was used to co-ordinate moving the transiatiage and acquiring
the spectra. In each case 80 stage steps were usedyt A€r step, and 400 laser
shots per spectrum. 10n is equivalent to 66 fs. The data were then spectrally
integrated using lgor Pro, to produce free induction decayes. After each FID
measurement the slit was carefully replaced in the pulseeshthe filter removed
and the glass plate reinserted to preserve the optical pagitis. A spectrum of
the VIS pulse is then taken to fit subsequent spectral dat@asia the slit had been

reinserted slightly to one side of its original position.

From combining equations 2.33, 2.34 and 2.35 in chapteeZaitm of a FID
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curve for a totally homogeneous exponential dephasingisrga/en by

lsr(7) = I: Evis (t - 1) {0/ fj Er (1) exp(t,.l._zt

Appendix D contains a computer program written by the authd& which will

2
dt. (5.1)

) dt’ + BERr (t)}

return a value for this function givenand the constants, using adaptive numer-
ical integration. It assumes a Gaussian temporal profileEfgs and Er and
parameters for these can be passed to the program. Thispragcalled by Igor
Pro, as described in the appendix, and Igor is then used tadifunction to the
free induction decay data using a least squares method. ikmowns which are
fitted are: «; the overall amplitude; the amplituddfset; time zeroTp) andT,
(8 is arbitrarily set to 1 as the overall amplitude andre sdficient to represent
the intensity dependency). The absolute fitting time isegléhgthy, at around
three hours on a twin 1 GHz processor PowerPC Apple Macintdetvever, this
time is assuming that the initial parameters are close @ntutheir final values.
The FID program requires a parameter which is designed te stlthe time
parameters to avoid numerical underflow or overflow, andatsethat the dier-
ence between underflow and overflow is only around half anratiamagnitude,
S0 many attempts were made before a suitable value was foAlsd, the step
change in the least squares fitting has to be carefully setdon parameter. This
brings the fitting time to days rather than hours for each &uwhen such false

starts are taken into account.

5.4.2 Results

The three FIDS for dferent coverages are given as figure 5.19. The saturation
coverage experiment fared a mechanical shock during the rise time, so it has
only been fitted after this point. The temporal widths of tH&¥nd IR beams are

obtained from the methods described in chapter 4, and thrgfpparameters are
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Figure 5.19: Free Induction Decays for CO on Ru{1010} at 200 K. Time zero
set from fit. See text for details.
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Parameter Coverage
1.22 ML 0.89 ML 0.32 ML
Overall Amplitude/ a.u.
T,/fs 13689+ 1171 | 12240+ 635 | 10776+ 899
To/fs
20r / fs 169.0 169.0 169.0
205 | fs 109.0 109.0 109.0
a/a.u.
B/ a.u. 1.0 1.0 1.0
Amplitude dafset/ a.u.
Calc. FWHM I/ cm™? 7.76 + 0.66 8.67+0.40 9.85+ 0.81

Table 5.1: FID fitting parameters.
meters were fixed. The widths of the pulses are the raw Gaussian widths (20),
not the FWHMSs. Experiment carried out at 200 K.

parameters were fitted, black para-

summarised intable 5.1. At the foot of this table are givdaudated values for the
linewidth based upon the values ®. The errors in these (and ifp) are taken
from the fit. The largey/B ratio confirms just how negligible the non-resonant

metal signal is compared with the resonant chemical signal.

The displacement of the time zero point obtained from theafig the peak
of the FID curve, is in excellent agreement with a theoréficadiction from a
density matrix study of the influence of pulse duration on Eilves by Mii and
Ueba [60]. They predict such a positive displacement of takpwvith respect
to To due to the combinedfkact of the polarisation decay constant and the finite

temporal widths of the IR and VIS pulses.

It is important to restate that the fitting model is comphgtebmogeneous,
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i.e. a single exponential with decay constaitilis fitted rather than a distribu-
tion of values ofT,. Thus the success of fitting to such a model must indicate a
homogeneous linewidth at these coverages; fitting an inlgem&ous system to
such a model fails as demonstrated by Rekel. [66] who contrast fits of the
homogeneous C-H stretch in acetonitrile on a gold film witnitthomogeneous
C-N stretch. The largest error in the calculated linewicttue for our FID data
is at® = 0.32 ML, which is close to the upturn in linewidth values. Thautd
indicate that the assumption of homogeneity is beginningréak down. These
points are returned to in the discussion.

A comparison between the spectrally and temporally caledlinewidths is

shown in figure 5.20. Section 2.3.2 discussed how the sp&attth of the VIS
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Figure 5.20: Comparison of spectral and temporal methods of obtaining
linewidths (data set 3).
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upconversion pulsefiects the width of spectral features in SF spectra. Although
the pulse shaper works well to spectrally narrow the VIS hemmompromise
does have to be made between pulse energy (and hence SK aightile spectral
width of the pulses. However, it is possible to take this extoount by deconvolv-
ing the VIS field from the SF spectra [59]. Figure 5.21 showsxample spec-

trum of the VIS beam, and its Gaussian fit. The convolution Gfaaissian with

35 -

e VIS Spectrum
— Gaussian Fit °

Intensity / a.u.

12425 12430 12435 12440
Frequency / cm™

Figure 5.21: Spectrum of VIS pulse. Raw width is 2.39 cm™.
a Lorentzian (i.e. the true SF profile) is known as the Voigiction and is com-
monly used in spectroscopy to fit lineshapes which are neithly Lorentzian
nor truly Gaussian, see for example [118]. Igor Pro has d-buNoigt function
and so the linewidths from data set 3 have been deconvolvitdanbaussian of
the correct width for the VIS beam measured on that day. Ehgesented in
figure 5.22, along with the original Lorentzian fitted data éime FID linewidths.
One can see that the Voigt fits bring the spectral data clostret “true” values

given by the FID measurements.
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Figure 5.22: Comparison of Voigt fit, Lorentzian fit and FID linewidths.

If the spectral information in the FID measurements is ntggrated out then

a two dimensional plot of the change in the CO stretch frequeluring the free

induction decay can be plotted, and an example of this isixgavsaturation cover-

age on the front cover of this thesis. The temporal (horaiatxis of this plot is

over a range of 4 ps, and the spectral (vertical, top—bottoas)is over the range

1950-2150 cmt.
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5.5 Discussion and Further Supporting Results

5.5.1 Origins of the Frequency Shift

From the LEED study of this system by Lawghal.[106] as summarised in figure
5.2 one can suggest two possible mechanisms acting in catidnrto account
for the rise in frequency with increasing coverage. One iBendcal shift, due
to changes in the influence of locally adsorbed CO molecutethe electronic
state of the surface as the coverage is increased, and teeisth shift due to
dipole-dipole coupling as the molecules are forced clasgether with increasing
coverage. To obtain an estimate of the relative contrilngtio the frequency shift
of each of these we undertook a brief isotopic study of theesys

Three SF spectra were taken, after collecting data set 3.fildtevas a sat-
uration coverage offCO (120160), as before. In this system, both the chemical
shift and dipole-dipole coupling may both be significant.emor comparison
we took a spectrum at 0.15 ML coverage?®€O, as this is the lowest coverage
that produces a useful signal. The shift between these tteopdents is, for these
purposes, the total shift, chemical plus coupling. Then exifthe surface to sat-
uration coverage witR'CO (13C18O) and recorded a third spectrum. These three
spectra are shown in figure 5.23. It is important to note th#ieaOPA frequency
range in use we do not see tF€O stretch; this is 86.6 cmh below the?8CO
stretch a® = 0.9 ML.

So considering only th&8CO molecules, they will on average be forced to
occupy a range of sites as in the pdf€0O saturation layer (bearing in mind
that at 200 K the molecules will be fairly mobile on the suggand hence the
chemical shift will be identical. However, a majority of &@CQO’s neighbours
will be 31CO which will not couple well to thé8COs because of the appreciable

frequency diference.
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Figure 5.23: SF isotopic study, probing the 22CO stretch at 200 K. 10,000 laser
shot accumulations. The FWHM of the broadband IR envelope is indicated by
the dotted line (~140 cm™ centred at 2040 cm™1); the 3CO stretch is not seen
in this range. The decrease in intensity of the red trace compared to the blue
trace could be due to intensity stealing by the 3CO oscillators in the former

case.

One has to bear in mind that even at the ratio of isotopes, MIL158CO :
1.07 ML 31CO there will be a minority (just) of individuag®®CQOs actually iso-
lated fromall other?8CO molecules. One can estimate the likelihood of this quite
simply; for a quasi-hexagonal CO overlayer at saturatigqu(é 5.2) each CO is
surrounded by 6 others. The probability of a sin(l@O being next to a single
31CO is 1.07:1.22, or 0.87. In order for tR&CO to be alone, it must be next to
a total of 631CO molecules. Hence the probability of it being totally &ed is
0.87° = 0.43. So the contribution to the frequency shift by dipoleedépcou-
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pling implied from the data in figure 5.23 of 37 chmust be consideredraini-
mum as even in this isotopic mixture some dipole-dipole caupbetweerfCO
molecules will still occur. With only 10 counts over 10,0@sér shots for the
0.15 ML spectra in figure 5.23, we could not obtain a usefutspen at a much
lower coverage than this with the present experiment. Hewfor most full iso-
topic composition studies (e.g. @@¥111} in [119]), little empirical change is

seen in the dipole contribution below0.15 ML of one isotope.

This may be compared with CO on R@01 where the dipole shift was de-
termined to be 42 cni [120].

The theory of dipole-dipole contributions to frequencyfishimetal-adsorbate
systems was pioneered by Hammaker, Francis and Eichenfifil2265. They
considered a /R® correction to the vibrational potential energy to take iate
count dipole pairings. The theory was later improved by Mediad Lucas [122]
who included a term for interactions between dipoles andirtiegesof other
dipoles, and later still Schiger [123] included a third term to account for a dipole’s

interaction with itsownimage.

Crossley and King [119] undertook a combined RAIRS and thtoal study
of CO on Pt111} in which they used the theory developed by Hammaitex. to
calculate a value for the dynamic dipole moment of this dippacked and highly
dipole coupled system of 2.9 DA(: 9.8x 102 C). This work was published
shortly before the image corrections to the model were madeattempt is made
here to apply this model to the GRU{1010} system as a comparison with the
CO/P{111) system. No attempt is made here either to take into accoarmtthge
dipoles; with an open and ridged surface such ad 10} it would be extremely
complex to take into account all thefidiring dipole-surface distances needed for
such a calculation, especially given the complicated teggisn of the chemical

overlayer with the surface at saturation.
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Hammaketret al.[121] exactly solved the secular equation for the vibragion

potential energy of a system bfadsorbed molecular oscillators to give
Co(ouY 1 1
=2 +(5_¢)M_q,;§ (5.2)
whered = 4rcv? for a band frequency, A’ refers to the isolated species (the
“singleton” frequency, in cmt), M, is the reduced mass of the oscillatgyjs the
permittivity of free spacely; is the distance between the centres of dipolkesd
j, and(au/or) is the dynamic dipole moment to be calculated.

Assuming that the “quasi-hexagonal” overlayer at satoratioverage des-
cribed by Lauthet al. can be considered to be exactly hexagonal then one can
numerically calculate thQ]'j\':2 (1/R3j) term in equation 5.2. Appendix E presents
a C program to do just that, along with the details of how itaael, and for a centre
to centre CO distance of 3.0 A [106] the iteration quickly eemges to give a value
of 0.05108 A3. For the mininum dipole shift of 37 cth, substituting this shift,
the dipole sum, CO reduced mass of 6.85 &nd the constants into equation 5.2
gives(du/or) ~ 3.1 DA™, This lowest estimate of the dynamic dipole moment
of CO on RY1010} is higher than that of CO on Atl1}, calculated by the same
methods; the latter system is considered to be a highly edugystem, so dipole-
dipole coupling is the major physicalfect in the CQRU{1010} system at high

coverages.

5.5.2 Origins of the Linewidth Changes

The coverage dependence of the linewidth presented irossch.3.2 and 5.4.2
(figure 5.18) raises a number of interesting questions.tifithe most obvious
feature is the rise in linewidth with decreasing coveragieweround 0.3 ML.

Secondly, it is striking how the linewidth does not increéeed in fact seems to

decrease) as very high coverages are reached. From theustsisuggested by
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LEED in figure 5.2 one notes that the CO molecules are adsarbeuoh increas-
ing variety of surface sites due to the overlayer becomieg tegistered with the
surface as the coverage is increased beyond 1 ML. One migkteguch an in-
homogeneous distribution of sites to actually broadenitfeidths as saturation
coverage is approached. And as discussed in section 5eltiigh coverage free
induction decays have been successfully fitted to a modalavitingle exponen-
tial T, decay, as opposed to a distributionigfvalues as one would expect in an

inhomogeneous system.

Considering the increase in linewidth at low coverages @ifstll, it must be
noted that this linewidth increase is seen below 0.3 ML, &ili$ the coverage at
which Lauthet al. observe their lowest coverage LEED structure as shown in fig-
ure 5.2. This suggests that below this coverage, the COaparrtioes not possess
regular order, at least not on a length scale suitable torgemna LEED pattern.
Such “disorder” could also lead to heterogeneous broademich would explain
the linewidth increase. The first stable LEED pattern obesgig a (3x 1) struc-
ture (top left of figure 5.2) which demonstrates that thegenspulsive interaction
between the CO molecules along the direction of th¢1BL0} ridges, ([IZTO]
direction), and an attractive interaction perpendicubathe ridges ([005] direc-
tion). It therefore seems likely that as the coverage is lwpilfrom zero, chains
may form along the direction perpendicular to the ridgesedrby the attractive

interaction.

These chains may initially be offiiering lengths, and haveftiring separa-
tions between them along the direction of the ridges. Théferences in the
chemical environments of the individual CO molecules waddount for the he-
terogeneous broadening. The lack of symmetry would alscentaknpossible
to observe a LEED pattern. Such a scheme of molecular chalog/@overage

is shown in figure 5.24. Once the coverage reaches 0.3 ML thdsige inter-
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Figure 5.24: Proposed CO chains on Ru{1010} at low coverage (< 0.3 ML).

action along the ridges orders the chains to be at a regutaraton, and the
chain lengths will by then stretch right across the samplene reach the (3 1)
structure. Such a regular quasi-infinite arrangement of @Gcoules would not
be heterogeneously broadened and would give a sharp LEE&mpat

Such chains of CO molecules have indeed been observed hgupeipen-
dicular to the ridges on a Cu10} surface, by a recent STM study by Brinetr
al. [124]. CY110 has a similar symmetry to RLO10}. An STM study of CQ
Ru{1010} would therefore prove useful in confirming this conclusion.

Returning to the lack of inhomogeneous broadening at higlkerage, an ef-
fect described by Perssenal.for CO on R40001} [125, 126] could explain this
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observation. Theféect, known as thexchange modgis well known for isotopic
mixtures in highly coupled systems in which intensity stegbf low frequency
oscillator peaks by high frequency peaks occurs due to (f)enifrequency os-
cillators screening the incoming electric field at lowemiuencies and (b) lower
frequency oscillators enhancing the electric field at higrejuencies. This may
also happen between high and low frequency components sathe finite width
peak. This means that the peaks of the observed spectrauashiited, and be-
come asymmetric with a tail at lower frequencies. Indeesithems to be the case
for our data. This can also be viewed as strong dipolar intenas delocalising the
vibrational resonance and thus the discreet oscillatguizacy model is replaced
by a band structure. For a more quantitative explanatiohmisfghenomenon in
our system a full isotope study at varying composition wdaddneeded as per-
formed by Perssost al. using RAIRS for the CARU{0001 system [126]. The
intense dipole-dipole coupling in our system at high cogeraould cause such

an dfect.

5.5.3 Comparison with the Close Packed Surface

Bonn, Hess and Wolét al. have performed a detailed broadband sum frequency
study of CO on the close packed 001} surface [127, 128, 115, 129, 130, 131].
With a 400 Hz repetition rate femtosecond laser system ar@RMgiving up to
11uJ of IR to the surface they can: (a) measure spectra for mugdr lcoverages

of CO than we practically can (down to around 0.01 ML); (b)@&ogspectra much
more quickly; and (c) observe tive= 1 — 2 “hot-band” vibrational transition (at
1961 cm? c.f. their measurement of the fundamental at 1990'%¥mThey ob-
serve asymmetric, narrower than expected spectra at higdrages, which they
too attribute to dipole-dipole coupling and the consequistbcalisation of the

vibrational excitation. From their hot-band observatioey calculate the value of
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the anharmonicity of the vibrational potential to be 13.6 tnit has not been pos-
sible for us to see this hot band because we cannot obtaitra@edow enough
coverages. The band-structureet caused by dipole-dipole coupling seen at
even very low coverages (0.025 ML for R®001}), described in the previous sec-
tion, prevents the hot band being observed. They also gieeR\» measure-
ments, both at 0.33 ML coverage. One, measured at 95 K give$.94 ps and
the other at 340 K give$,=1.16 ps, compared with,=1.08 ps for our surface
at this coverage and 200 K. They point out that as the puratidial relaxation

is due to electron-hole pair excitation [132], it should benperature indepen-
dent and hence the temperature dependentgisfdue purely to the temperature

dependence oF;.

To investigate this for our system, we performed tempeeatependent stud-
ies of the frequency and linewidth. CO was adsorbed at theopppte coverage,
then SF spectra were taken for various sample temperaflinesfrequency shift
for saturation coverage is shown in figure 5.25, and that ML in figure 5.26,
with an indication of the order in which the data were takelme Tinewidths show
no change within the experimental error over this tempeeatnge for these cov-
erages. The last three points for saturation coverage \&akea twith the chamber
background filled with CO (16 mbar) to counteract desorption at these temper-

atures.

The hysteresis in the saturation coverage plot is probalytd accumulation
of hydrogen from the background on the surface over the long these exper-
iments took to perform (at 15 minutes per point for the acdation, plus time
for temperature equilibration). Indeed, with the exceptad this 0.9 ML data
set, at lower coverages this hysteresis makes the datahlapspecies other than
hydrogen (including of course CO) can accumulate on thexsaras well at low

coverages. A shift of 3.5 crhis seen over the temperature range of 108-270 K
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Figure 5.25: Temperature dependence of CO stretch frequency of Ru{1010} at
saturation coverage. Arrows show the order in which the data were taken. For
the last three points the chamber was background filled with CO to counteract
desorption at these temperatures.

(= 0.021 cm?*K-1) for saturation, and 7.0 cmh over the range 100—260 Kx(
0.043 cm*K 1) for ® = 0.9 ML.

The change in frequency is probably due to coupling with thstfated trans-
lation phonon mode of the CO overlayer, which is populatekigiier tempera-
tures in many systems. This was suggested fofRE{M00} by Jakob and Pers-
son [133] in which they report a10 cnt?! frequency shift over a temperature
range of 50-350 K a® = 0.33 ML (~0.033 cmi!K~1). Bonnet al. also attribute
the temperature dependenceTofdescribed above to thidfect. The coupling

process of the C-O stretch with the lower frequency frusttdtanslation mode
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Figure 5.26: Temperature dependence of CO stretch frequency on Ru{1010}
at © = 0.9 ML. Arrows show the order in which the data were taken.

(47 cnt! on RY0001} [134]) leads to an exchange interaction which redshifts the
C-O stretch spectra. It can be thought of as the laterallabos weakening the
C-O bond. The increased change in frequency in our data wgperct to tem-
perature at lower coverage could be due to: (a) the frequehtye frustrated
tranlation changing with coverage as the surface becomes ondess packed or
(b) the strength of coupling between the frustrated traiesiaand the C-O stretch
changing with coverage. Unfortunately, there seems to veank in the literature

on the frequency of phonon modes of CO o K10} so it is dificult to draw any
quantitative conclusions. It could be the case that therfited rotation plays a
significant role for our system, especially given the COng predicted by Lauth

et al. at high coverages (figure 5.2).
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5.54 Summary

We have measured the CO stretch frequency and linewidth $hORD} using
broadband sum frequency generation, as a function of C@cidoverage. We
have shown that by carefully including the temporal chamastics of our system
obtained by the methods in chapter 4, we can use FID measntememeasure
T, (I') with much less instrumental shortening (broadening) tWéh spectral
measurements of the linewidth. The free induction decakgezrhibit a positive
temporal displacement with respect to the time zero of polszlap (obtained
from the fit), which is in agreement with previous theordtstadies of FID curves
with finite laser pulse widths.

Dipole-dipole coupling has been shown to be important is $slystem at high
coverages due to the very tight packing of CO oscillators amgjuasi-hexagonal
array. At lower coverages we suggest the formation of cha@ngendicular to the
surface ridges leads to heterogeneous broadening of eweidith.

A temperature dependent C-O stretch frequency shift ofl0dd2 K is ob-
served at saturation coverage and 0.043%m! at 0.9 ML. These shifts are
attributed to coupling with the frustrated translation ra@$ seen for the close
packed surface.

Even though our RUO10} sample had poor mid and long range order, as
highlighted by the LEED data, the spectral data sets tak&rdand after elec-
trochemical polishing are identical despite an improvenmethe LEED pattern
after polishing. We are therefore confident that the spkeffacts observed in
this study arise from short range ordéieets, and are ufi@cted by the problems
with the sample at larger length scales.

The CQRU{1010} system has proved to be an interesting first system to study
using the broadbantdfemtosecond SF spectrometer. The{ R0} sample has

now been removed from the UHV chamber to make way for pumpestudies
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of CO on P{110 and for NO on IfAu, as described in the next chapter. However,
whilst it was still in place, experimental setups for IR-put8F-probe, photon
echo and VIS-pump SF-probe, were designed, implementedtterdpted for the
CO/RU{1010} system. This is the subject of the next chapter.






Chapter 6

Pump-Probe and Conclusions

Whilst the RY1010} sample was in the UHV chamber, three other types of time
resolved femtosecond spectroscopy were attempted on #tensy This chap-
ter briefly outlines the theory, experimental setup andltedar each, and then

suggests how these must be improved for future studies.

6.1 IR-Pump SF-Probe

6.1.1 Theory

This is a technique to directly measure(see for example [135, page 130]). An
intense IR pump pulse tuned to the vibrational resonanceident on the surface
and populates the = 1 vibrational level. After a time delay, a VIS-IR SF probe
is sent in to probe the relative populations of the- 1 state. The longer the
time delay, the more population decay fran¥= 1 tov = 0 will have occurred.
From equation 2.29 and figure 2.3 one can see that the resausrdptibility is
proportional to the populationfilerence between the ground and 1 states, and

given the SF intensity is proportional to the square of thsceptibility, then the

159
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population diference will be proportional to the square root of the SF sitgrso
that [136]

Ise (1)
1- [ISF(O)

wherelse is the SF intensity (at time delaysand zero), andng (1), Any (1) are

r = Any (1) — Ang (7)

the pump induced changes in the fractional populationsefts 0 andv = 1
levels respectively.

These experiments have been successfully carried out pexé&mple: H/
Si{111 [137] whereT; = 795 ps; CO/ Cu{100 [138], whereT; = 2.0 ps; and
CH3;S/ Ag{111 [139] where a bi-exponential decay was seen.

6.1.2 Experimental Implementation

To provide a pump IR beam, the IR beam from the OPA was splitguai 50%
beamsplitter from a RAIRS spectrometer (with thanks to Dedeéric Thibault-
Starzyk), on the small chamber mounted optical table. Tla@dzt translation
stage was then used to advance the pump IR with respect todhe [R. In this
way, the VIS and probe IR beams can remain temporally oveeldpand only one
stage needs to be moved to perform the experiment. The puearp beters the
chamber along roughly the same path as the VIS beam and tehgmal spatial
overlap is achieved by observing the SF signal on the patassovered surface

of the pump IR and VIS beam. This arrangement is shown in figure

6.1.3 Results

In the following experiment, the pump IR intensity is 1.2 at the surface, and
the probe IR is 2.QJ, and QJ of OPA output. The increased attenuation is due
to the IR beamsplitter, and the addition of extra reflectipéas in the IR paths.

Four spectra are given in figure 6.2 showing pump-probe dadéy 2 ps (pump
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Figure 6.1: Changes to optical paths on the chamber mounted optical table for
IR-pump SF-probe experiment. Sub-diagram of figure 3.33.

after probe), 0 ps+1 ps and+2 ps. Unfortunately, all four spectra look identical.
This is not entirely surprising. The 1@ of IR pump is simply not enough to
saturate the = 1 transition. As described in section 5.5.3, Batral.[127, 128]
only observe the hot band transition when the 1 level is saturated, at around
6 wJ of incident IR. Successful picosecond laser IR pump-pesiperiments (e.qg.
on CQCu{100; [138]) were carried out with around 243 of IR pump, but the
energy of a one picosecond pulse will be around 6 times maneesdrated on
the actual vibrational frequency required than for our sdlg broader 150 fem-
tosecond pulse. Successful IR pump-probe experimentsfantbosecond lasers
need higher pump energies.

However, | am pleased to say, that at the time of writing, weehjast been
awarded a grant to purchase a second OPA. This will be ussdébrexperiments
in the future to overcome this lack of pump energy and for teloer pump-probe

studies as described in section 6.4.2.
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Figure 6.2: IR-pump, SF-probe spectra for CO on Ru{1010}. Saturation cov-
erage, 200 K.

6.2 IR Photon Echo

6.2.1 Theory

In a vibrational photon echo experiment, two IR pump bearasiaed, with a VIS
probe. The first IR pump induces a coherent vibrational jgdA#ion in the adsor-
bate layer. This polarisation will then undergo the freeucttbn decay process.
After a timer, the second pump is sent in which initiates a rephasing psocge
the dipoles. After a further equal time delaythe dipoles will once again vibrate
coherently and emit a short pulse of light — the photon echus Pphoton echo

emission is detected by upconversion with the VIS probe. él@r due to inter-
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actions with the phonons there are fluctuations in the @goilfrequencies, which
increase the homogeneous linewidth. Se asincreased, these fluctuations have
a greater ffect and the size of the photon echo signal is reduced. Thisda®

a method to measure the pure homogeneous linewidth fromotinedf transform

of the echo decay curve.

A good analogy of this, from [140], is that of runners in a ratke first pump
pulse can be thought of as the starting gun. The runnerdstate, and of course
some are faster than others. In this particular race thaugbgcond gun (pump) is
fired and the runners turn around and start to run back to #ntrgg line. If their
individual speeds are constant, they will all arrive bacthatline at the same time
in phase. However, if there are fluctuations in their spetas) there will not be
perfect rephasing.

Echos were originally seen for spins in NMR [141], and latar photons
[142]. These experiments have been carried out on surffmesxample, H/
Si{111; [64].

6.2.2 Experimental and Results

The experimental setup is almost the same as that used fdRtpeamp, SF-
probe experiment described in section 6.1.2, and in figurel6.the photon echo
experiment, the VIS beam is scanned with the large traosiatiage on the main
table, andr is changed with the Standa stage on the chamber mounted Tdide
“probe” IR path in figure 6.1 is that used for the first IR pul$R1), and the
“pump” path is used for the second (IR2). Energies are theesasrfor the IR
pump-probe experiment.

The direction of the SF signal from the photon echo is give[ody

kSF = 2kIR2 - kIRl - kVIS
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Figure 6.3: Photon echo results for CO/Ru{1010}. Saturation coverage, 200 K.
Also shown are the FIDs from IR1 and IR2. See text for details.
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and with the geometry of our experiment this means that tliégphecho should
be produced just half a degree away from the VIS beam fromgbhal\BF signal.
Figure 6.3 shows results from CO on {ROIO}, for four values of the IR-IR
delay,r. Also shown are the individual free induction decays frormheaf the IR
beams alone with the VIS beam. For each of the four photon egperiments,
the FIDs are observed from each of the IR pulses, due to tlseméss of the
directions of these signals to the echo direction in our grpent. According to
[64] the echo should be of a similar magnitude to the FID dighawever, no

photon echo is seen at 27 unfortunately.



CHAPTER 6. PUMP-PROBE AND CONCLUSIONS 165

6.3 VIS-Pump SF-Probe

6.3.1 Experimental Implementation

These experiments were designed to investigate fileeteof an 800 nm pulse
arriving shortly before the SF VIS and IR pulses. In ordedigrea pump beam in
space and time with the IR and VIS beams, we used the potassyemmethod
to look for the sum frequency of the pump with the VIS beam. Heasv, this
placed severe restrictions on which UHV chamber window (&g8.24) was to
be used for the pump beam entry, as we had to be able to degeoutboing
SF to align the system. It was decided to align the pump beamgatirtually
the same path as the IR beam, so the SF of the pump-VIS and-WiSbeould
emerge spatially in-between these two beams, and couldtbetdd by rotating

the sample to direct the signal into the spectrometer.

In plane of
table T——>

—_—
Pump Beam, ¢ Dichroic
¢ | Beamsplitter

IR Beam /

Pump Beam >
(upper level) O / @
\ 3m focal- -
Corner cube on length lens Periscope to

Standa translation stage
(raises beam) gg\z‘g ievirl? UHV system
across gap
"waste" 800nm (see insert)
beam used for
pump IR Beam
Difference
Optical Parametric Amplifier Frequency Fllipper Mirror
Generator

Energy meter
(checks OPA output)

Figure 6.4: Changes to optical paths on the main optical table for VIS pump
SF-probe experiment. Sub-diagram of figure 3.32.



166 CHAPTER 6. PUMP-PROBE AND CONCLUSIONS

Figure 6.4 shows the alterations made to the optical set wgngn figure
3.32. The waste 800 nm beam (up to 1 mJ) from the OPA is usedthéopamp.
The time delay is introduced by a broadband reflective (Atedecorner cube
mounted on the Standa translation stage, which reflectstgoiog beam parallel
to the incoming beam. The beam height is raised by this cawee and it then
passes through a 3 m focal length lens which, in combinatidim tive Cak; lens
at the chamber window, focuses the pump beam on to the suifaeebeam then
passes onto an appropriate dichroic beamsplitter, wh@ymg the path of the IR
beam until it reaches the sample. In order that the pump bes® mbt enter the
detector, it is steered so that it rises very slightly aldsgath and thus exits the
chamber very slightly above the other beams. Given thatlavie the IR path,
it is not very likely to enter the detector anyway as the Sk pamuch closer to
the VIS probe path, the latter remaining the same as than givégures 3.32 and
3.33.

6.3.2 Results

Various attempts were made to perform an 800 nm pump SF expetiand the
most successful is discussed here. The energy of the pumpnevasd 25Q.J,

and 40% of this was reflected at grazing incidence. From amat& of the
pump-probe overlap this gives the absorbed fluence to be 24.J The sam-

ple temperature was 100 K, coverage 0.9 ML. While the surfea® potassium
covered, a check was made for any nonlinear interactioralsgmtering the de-
tector (e.g. pump-VIS probe-IR) other than the probe SF signal and none were
observed. The program given in Appendix C to perform pungBerexperiments

by changing the Standa stage time delay was used to take 1pestaover a
time delay range 0£13.4 ps around time zero, and these are shown in figure 6.5.

They are also represented in @&dient form in figure 6.6. A redshift of 5.2 cth
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is seen in the spectra around time zero, as shown in figurd Beftime-constant
of thet < O rise is around 0.95 ps and that of the O recovery is around 5.3 ps,

if fitted to an exponential function.

500 —
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=} 6.7 ps
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> .
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Figure 6.5: VIS-pump, SF-probe spectra from CO on Ru{1010}, as a function
of pump-probe delay. Sample temperature 100 K, coverage 0.9 ML.

6.3.3 Discussion

Bonn, Hess and Wolét al. [130] performed a similar experiment on the CO
Ru{0001 surface in which a redshift of around 20 cirin the CO spectra was
seen around time zero for 19 Jfrof incoming pump fluence at 0.33 ML cover-
age. They attribute this to the transient heatiffga of the 800 nm beam leading
to increased coupling with the frustrated translation mate higher tempera-

ture. At this fluence no desorption should occur. Tlife was already seen by
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Figure 6.6: VIS-Pump, SF-Probe results from CO on Ru{1010}. The example
spectrum at the bottom is for -13.4 ps, the intensities of the others are repre-
sented by a colour scheme to clearly show the frequency shift. The vertical
black line plots the position of the fitted peak.

them at negative time delays due to the VIS pump arriving difte IR pulse and
hence disturbing the free induction decay on a timescalg.of his is an example

of a coherent artifact(see e.g. [135, page 140]) and can often be minimised by
changing the polarisation of the pump pulse.

The dfect we observe has a faster decay than that observed by &ain
which lasted several tens of picoseconds, but then we alengesith a very
different surface and coverage. It is unlikely that tifect is simply a coherent
artifact. Checks were made with the K covered surface fagratbnlinear interac-
tions and none were seen. Also, the trace is quite clearipamatric with respect

to time.

These data have been modelled assuming that the obsergeeéricy shift is
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Figure 6.7: Change in CO stretch frequency with pump-probe delay.

due to laser heating. AFORTRAN program, previously usedddehthe benzene
desorption experiments [42, 43] was employed to model ttie¢aelectronic and
adsorbate temperatures after heating by an incoming 80@senpulse. This pro-
gram is based upon the two temperature model proposed binfoniet al.[143],

used extensively in the literature to model laser heatitge @rogram numerically

solves the following coupled fierential equations:

0Te

ceﬁ = kV?Te+g(T - Te) +S(zt) (6.1)
oT

cla—t' = —g(Ti - To) (6.2)
AT,

Caﬁ = —0e (Ta - Te) -0 (Ta - TI) (6-3)

where: Te, T) and T, are the electronic, lattice and adsorbate temperatgres;
andge are the electron-lattice, adsorbate-lattice and adsewdattron coupling
constantsk is the thermal conductivityC, is the lattice heat capacity ari} is

the electronic heat capacity, assumed to be of the ©©gns yT,, Wherey is a
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constantS (z t) is the laser source term given by

exp(2z/6)

SH=200-R—

(6.4)

wherel (t) is the laser intensity as a function of tinfeis the substrate reflectivity,

zis the depth of the substrate afic the optical skin depth.

Parameter | Sourcé Value
K [144] 117 WnrlK-1
C [145] | 2.9x10° Inr3K!
Ca/Qe E 10 ps
Ca/0i [31] 1ps
g [144] | 185x1076 Wm3K 1
y [144] 400 Jn3K 2
0 [144] 16.2 nm
Fluencé M 24 Jnr?
Pulse Width M 150 fs
Sample Temp M 100 K

Table 6.1: Modelling parameters for lattice, electronic and adsorbate heat for
CO/Ru{1010} after laser heating. + [n] = reference #n, M = measured, E =
estimated. £ Assumed to be little adsorbate-electron coupling therefore large.
§ Empirical reflectivity of 40% at grazing incidence already factored in.

The parameters used in the model are given in table 6.1, alod af phe three
temperatures versus time is given in figure 6.8. From the warthe dependence
of the CO stretch frequency on sample temperature descibsdction 5.5.3,
at® = 0.9 ML, we get d/dT = 0.043 cnt*K~? (figure 5.26). Theadsorbate
temperature curve in figure 6.8, for it is the adsorbate teatpee which would

excite any CO phonon mode, was multiplied by this gradiemistomate the laser
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Figure 6.8: Calculation of electronic, lattice and adsorbate temperatures for
CO/Ru{1010} due to 150 fs, 24 Jm2 laser heating. See table 6.1 for other
parameters.

induced frequency change and this is compared with the ponoipe results in
figure 6.9. No attempt has yet been made in this model to atéoutihe coherent

interaction which causes the change in frequency prioH®.

The fit to the data is quite good, although the recovery of tbgufency in the
model is still somewhat slower than from the experiment.elras likely then
that the process is thermally driven, and as such is prolshl#yto coupling to the
frustrated translational or rotational CO phonon mode. @y, one cannot rule
out electronic &ects as proposed for the pump-probe results ofiNTQ@11} by
Bandareet al.[38]. It is possible that pump laser excited electrons insthigstrate

could couple either directly to the CO stretch or via one @ pinonon modes.
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Figure 6.9: Comparison of thermal model with pump-probe data.

The analysis of these results is ongoing prior to their maiion.

6.4 Future Work

Apart from the work on the photocatalytic decomposition @ftev described in
section 1.1.3 the following two projects are to follow onrfrahe work in this

thesis.

6.4.1 C/CO oxidation on Pt{110C}

Our group has already produced a large body of work from itkeoubar beam
[6] and DFT [4] facilities on the reaction of carbon and oxgge P{110;. Work
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completed just before my arrival in the group and soon to b#ighed [146] on
laser induced reactions between CO, C and ethylene cofamtsavith molecu-

lar oxygen on RiL11} show that the second harmonic (400 nm) of the TSA can
induce reactions to produce GACO and CQ + H,O respectively. These were
detected with the mass spectrometer, in a similar setupetbéinzene work de-
scribed in section 1.3 and theldy / H, desorption work described in Appendix
A. It is hoped to follow the reactions of € O — CO and CO+ O — CO, on
P{110 in real time and hence gain an understanding of the transgiates in
these industrially and environmentally important reatsi¢C may be deposited

by heating adsorbed ethylene).

A major hurdle to be overcome in this experiment will be thiatedreshing
the sample. In the work described in [42, 43, 146] and AppeAdhe laser beam
was scanned across the surface so that each pulse wasdiaeeare un-reacted
un-desorbed piece of surface. Whilst this could perhapsbeome in the CG-
O reaction by backfilling the chamber with the reagents auelt for the C+ O
reaction each pulse would have to be directed at a new piettee &urface. For
three overlapping laser beams in space and time it woulddmipally impossible

to scan all three beams. A solution to this problem is to mbeesample.

One could motorise the y andz motions of the sample mount (section 3.2.2).
However, given the axes of motion do not correspond to thenrieg beam ori-
entation with respect to the crystal, a more complicatetesyss required. This
would have to move the andy axes in combination according to some algorithm.
It is also possible that a HeNe beam reflected from the sudawgkel provide real-
time feedback on the sample position. Such a system is ¢lyriteging investi-
gated, and we thank Professor Charles T. Campbell for magfyludiscussions

on this matter.

Problems with the availability of optics which are suitafide use both with



174 CHAPTER 6. PUMP-PROBE AND CONCLUSIONS

UV and IR light would make a colinear UV-pumip setup dificult, so a diferent
beam path will have to be used, whilst still allowing emegenf the correct SF
signals for alignment purposes.

In setting up the CIRU{1010} experiment we originally tried C@®t{111} (de-
scribed in section 3.3.4) and found no SF signal. This is @bbbbecause the
experiment was not optimised at the time as well as it is notvBlourguignoret
al. [147] do report a much smaller SF signal at these wavelerigifGO/Pt{111}
than is seen for ruthenium with a comparable laser systeim asi¢that of Bonn
and Wolfet al.

The P{110Q crystal has been installed in the UHV chamber in place of the

Ru{1010} sample and is being bulk cleaned at the time of writing.

6.4.2 The Toyota Project

The object of this project, sponsored by the Toyota MotorpCa ultimately to
develop a NQ decomposition catalyst without the need for reductantss i
conjunction with the STM, DFT and RAIRS facilities withindlgroup. The sys-
tem under study will be NO on an iridium surface with a layegofd deposited,
along with the RUL010} and Pt110 surfaces also available. The gold layer on

the iridium should enhance the SF signal. The plans for tedsecond lab are:

e VIS-Pump SF-Probe of NQ(to investigate its decomposition in real time

e Measure the anharmonicity of the N-O bond, by exciting thtdolad transi-
tion with an intense IR field. Thus one can calculate the dission energy

of this bond

e SF photon echo experiments
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e Two colour IR-IR-VIS SFG to examine the coupling betweemiitsl os-
cillators on diferent surface sites. One species is excited by the first IR
pulse, and then the amount of vibrational energy transferasitored by a

time delayed second IR pulse of dfdrent frequency.

The last three points will require a second OPA, and we haste(@u the time
of writing) been awarded a grant to purchase one. Changdsetd3$A will be
needed to provide enough energy to pump both OPAs and it @édhtiat this may
be achieved by replacing the stretcher and compressongsatiith the more
modern and icient types now available.

Another problem is presented by the fact that the N-O strigedfuencies, at
around 1800 crt, are in the same spectral region as the IR absorbance of water
in air. With the long ¢ 3 m) IR path length we presently use this could greatly
attenuate the amount of IR reaching the surface. A solutdhis is to enclose
the beam paths and purge with dry nitrogen.

A gold evaporator has already been purchased and instaltad UHV cham-

ber.

6.4.3 General Suggestions

Upgrading the laser amplifier and amplifier pump to a 400 Hz kiflZ repetition
rate system would substantially improve shot to shot enflugyuations and data
acquisition times, and hence allow much lower surface @mes and molecules
with weaker dipole moments to be studied. The author fealssiich an upgrade
should be given the utmost consideration in any future gagptications. More
modern laser systems are also inevitably easier to maiatalmequire less atten-
tion as technology has become much more “commercial” in déise few years.

We recently borrowed a diode pumped 60 fs laser oscillataa ftemonstration at
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an exhibition [148] which requires no user alignment whetso; its only control
is the oroff switch.

A much less easily addressable problem is that of the lagklUatV system
sharing the same laboratory environment. The chamber békesquired every
time a fault develops in the UHV system, or when the sampldsiekanging, are
very disruptive indeed given the laser alignment needeshafirds due to temper-
ature gradients in the laboratory. The Leiden femtosecaseérlgroup, which do
not have this arrangement, inform me that their Light Cosieer TOPAS OPA has
not required realignment and as such is treated as a “blackiyavorkers. Some
local environmental separation of these systems at leasticlbe considered in
the future.

The need for emergence of light from nonlinear interactiosisveen the var-
ious pump and probe beams for alignment purposes putsctests on the al-
ready limited choice of optical windows (figure 3.24). THere re-orientating
the chamber with respect to the laser system might be caesider replacing
the chamber mounted optical table with one théis a scope of 36Ground the
chamber.

If absorption of mid-IR light in air becomes a problem, thee DFG mod-
ule(s) of the TOPAS(s) could be removed and mounted on thmlcbatable.
Then the shorter wavelength signal and idler beams coutdlibesent across the
inter-table periscopes to the DFG module(s) to produce ildelRlight in closer

proximity to the sample.

6.5 Concluding Remarks

On an experimental level, the femtosecond sum-frequenegtspmeter is now

fully operational and capable of broadband spectral, frdadtion decay and VIS-
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pump SF-probe experiments; andrinciple IR-pump SF-probe and photon echo

experiments.

The coverage dependent study of the CO stretch frequencwﬁrof()} by
comparison with the HREELS work of Lau#t al. [106] gives confidence in the
new spectrometer and its spectral calibration. The lindwideasurements have
shown an increase at low coverage, sharply levellifigithe same coverage (0.3
ML) as the first stable LEED pattern 81). An isotopic study has shown that
dipole-dipole coupling is important in this system, as f@/Ru{0001}, leading
to spectral narrowing at high coverages due to an exchangeation between
high and low frequency oscillators. At low coverages therfation of chains in
the [0001] direction of varying length and separation isgasged to explain the

heterogeneous broadening at low coverage.

The work in chapter 4 gives a novel and general techniqueh®temporal
characterisation of ultrafast laser beams on surfatescuq and this has been
used to accurately fit free induction decays for the/R@1010} system, giving
linewidths without instrumental broadening. The sucadssiioice of a fitting
model with a single exponential decay backs up the conaigsia the importance

of the exchange interaction at high coverages.

The stretch frequency is dependent upon sample tempegatditbe change is
more pronounced @ = 0.9 ML (0.043 cnt*K ) than at 1 ML (0.021 cmtK1).
The dfect is due to coupling with a thermally excited CO adlayerrm@rmomode,
either the frustrated translation or rotation. The VIS-puBt-probe experiment
yields a redshift of 5.2 crt in the CO stretch frequency for 24 Jfrof incoming
150 fs pump fluence for 0.9 ML of CO coverage at 100 K. The timestant
of the rise is~ 0.95 ps and for the recovery 5.2 ps. A model of the adsorbate
temperature after laser heating, coupled with the sampipédeature dependent

data, accounts largely for the observed frequency shifigotiermal in origin,
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suggesting coupling with one of the adlayer phonon modesh &ufast &ect
could also be due to the CO stretch coupling to electrongexkan the substrate

layer by the laser.



Appendix A

Laser Induced Desorption of GH4 /
H- from Pt{111}

During the first year of my PhD we undertook a time-of-flighidst of the laser
induced desorption of ethylene o P11}, during downtime of the OPA. Ethylene
was chosen as it is the precursor to surface carbon for a pedsiudy of the G-

O — COreaction on R111} (section 6.4.1). Whilst not directly related to the rest
of the work in this thesis, and ultimately proving inconaclgs the experiments
and results are summarised here for completeness. A maitioaccount is to

be found in my end of first year report [44].

Experimental Details

The 800 nm output of the TSA was doubled to 400 nm using a BB&takyThis
beam was then scanned across tHé B sample with adsorbed ethylene in the
UHV chamber using a computer controlled scanner unit whmhsists of two
motor driven mirrors for thex andy planes, at a pitch of 100m, placing around

1000 laser pulses on the crystal per experiment. The fluende be attenuated
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Figure A.1: Laser Desorption Experiment.

with a half-wave plate before the BBO crystal. The mass spewtter on the
UHV chamber was used to detect desorbed species. Pulseshfeomass spec-
trometer channeltron were counted using a PC based muaitireh scaler to build
up a histogram of counts versus time, where time zero is dkbgehe laser trig-

ger. The time resolution is2s. The experimental set up is shown in figure A.1.

Results

Results for ethylene (at mass 28) show a very fast pealuatehd a slower peak
which can be fitted to a Maxwell-Boltzmann disribution, @sponding to a ki-
netic temperature of 321 K for the measured pulse energy ®#120 uJ, figure

A.2.

The fast peak is present ali mass spectrometer mass settings. Suspecting
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Figure A.2: Time-of-flight study of C,H, on Pt{111}, at mass 28. Time zero is
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Figure A.3: TOF data from H, on Pt{111}, mass independent.
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Figure A.4: Laser fluence dependence of the yield of the fast peak for H, on

Pt{111}.
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Figure A.5: The DIET (left) and DIMET (right) laser desorption processes.
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a species which is so fast (and hence light) that it passesdhrthe quadrupole
undeviated, we turned our attention to adsorbing hydrogjka.fast peak was still
seen, with a slightly slower and broader peak appearingal28us. Suspecting
a charged H species to be responsible we electrically btaseshmple, and figure
A.3 shows the results. From this it must be concluded thafetstepeak is caused
by a neutral species and the slower peak by a negatively eti@fecies.

Finally, a fluence dependence study of the fast peak was takéer, and the
results are given in figure A.4. A highly non-linear fluenc@eledence was seen,

with a sharp threshold of around 50 mJ@m

Discussion

Concentrating on hydrogen, the most likely candidate fef#ist peak is H and for
the slower peak K Laser induced desorption from surfaces, other than therma
desorption, is classified into two regimes [28]. Desorptimauced by Electronic
Transition (DIET) is a process in which the laser excitestamarom its ground
state to an excited state where it gains enough potentiaedgieleave the surface
by the conversion of this to kinetic energy. The second m®teknown as Des-
orption Induced by Multiple Electronic Transitions (DIME&nd occurs by the
atom being repeatedly promoted to the excited state (ara/derback to ground
state) by successive photons in a very intense beam. DIMBWsla strongly
non-linear dependence upon laser fluence. These procegssgmamarised in
figure A.5.

It is rather dificult to attribute the process in this case to either DIET or
DIMET. The very fast time is characteristic of a DIET procesgt the very non-
linear fluence dependence is characteristic of DIMET. Ttie&atemperatures for
both peaks were calculated by solving thafiential heat equations (numbers 6.1
& 6.2 in chapter 6) as described in section 6.3.3 and thetseare given in figure
A.6.
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Figure A.8: Approximate potential energy curves involved in oxygen ion des-
orption from tungsten.

The presence of a negatively charged species could be e&gdlay the follow-
ing scenario: when the hydrogen atom approaches the meleittron #inity

decreases and broadens due to an interaction with an imalge &finity level in
the metal [149]. This is illustrated in figure A.7.

Antoniewicz has suggested [150] that negative ion desmrtf oxygen ions
from tungsten) occurs when the ground state (Stagte figure A.8, adapted from
[150]), is at an energy above the M ] state (dotted line) and electron tunnelling

occurs from the substrate to the neutral thus leading totivegan desorption.

More work would be needed to reach more concrete conclusiotisis data,

as our mass spectrometer was not at the time capable of fi@neditiation, but



APPENDIX A: LASER INDUCED DESORPTION OF C ;H,/H,; FROM
186 Pt{111

has been very recently converted to do so.



Appendix B

Standa Stage Driver

The following program is written in C under the LabWindows Inhvironment
and libraries to run on a Windows based PC containing thed@tatage controller
card. When compiled into an executable it provided a DO&stymmandtage
<signed number of microns>. This is then called by any Andor BASIC pro-
gram which needs to move the Standa stage.

The ISA stage controller card is controlled with two registe®ne input and
one output register. The program contains a roupiolee which writes a value
to the input register, whilst polling the output register feady and confirmation
signals, finally sending a synchronisation byte. A sequena half-bytes needs
to be sent to the card for each movement, and the main routittee@rogram
converts the distance parameter to the correct multithak-form and sends this
to the card via th@oke routine along with all the other required parameters. These
may of course be changed in the program if the user should vaskxample, to

change the speed of the stage.

187
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/¥ Move the Standa Stage. Syntax when compiled: stag&rons- */

/¥ J.P.R. Symonds 2002/ *

#include
#include
#include

#include

#include
#include
#include
#include
#include

#include

<userinth>
<analysish>
<easyioh>

<visah>

<lvi.h>
<cviautah>
<formatioh>
<utility .h>
<ansic.h>

<lowlvlio.h>

/¥ Front End */

int main (int argg char *arg\{])

{

void stagéint,int);

int steps dirn;

char dummy;

/¥ Check number of Argumentg *

if (argd=2)

{

printf("%s","Standa Stage Driver\nSyntax: stage <signed number of microns>");

printf("%s","\nJ.P.R. Symonds 2002\n\nHit enter to continue. . .

dummy=getchaf);

}

10
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else

stepsatoi(arg\1]);

/¥ Determine Direction from Argument/*

dirn=1;

if (steps0)

{

dirn=-1;
stepsabgsteps;
}
stagéstepsdirn);

/¥ Move the Stage /

void stagéint number int dir)
{

void pokeg(int);

int n4,n3,n2,n1,m;

/£ 'modify’ number of steps /
if ((numbefs256) != 0) {number=256; }

/¥ Divide number of steps up into 4 x 4 bitg *

40
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nl=numbefo16;
n2=(numberl6)%16;
n3=(numberf256)%16;
n4=(number4096)%16;

/¥ Send half bytes in correct order to card using poke subroaitf/
/¥ Number of Stepg*

poken4);

poken3);

pokegn2);

poken1);

/¥ Deceleration step (LSBs)/*
poke0);

pokeg2);

/¥ Speed ¥

pokg(15);

poke(15);

/¥ Accn per step f

pokes);

/¥ Pulse Width Decrement (MSB)*
poke2);

/* Deceleration step (MSB)/*
poke(1);

/¥ Pulse Width Decrement (LSB)*
poke0);

m=1;

if (dir==1) { m=0; }

/% Limit flags */

pokem);

/¥ Sync Modef

poke0);

/* Sync 7

poke0);
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/¢ Mode */
poke0);

/¥ Repetiton ¥
poke0);
poke0);
Poke0);
poke(1);

/¥ Step Size f
poke0);

/¥ Send half bytes to card/*
void pokgint value

{

int state

state=0;

/¥ wait for card ready ¥
do

{

state= inp (772);

} while (state!= -17);

/¥ Send “HalfByte” */

outp (768, value;

/¢ wait for card accept 7

do

100
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state= inp (772);

} while (state!= -1);

/¥ Send sync f

outp (768, 80);

140
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Acquisition Programs

All the following are written in Andor BASIC and run under thStar control

program.

Move the VIS-IR (Aerotech) stage

The commands sent to the Aerotech controller via the RS282gllow a “menu”
control paradigm. ASCII 4 (control-D, or EOF) is sent to gettihe top of the
“menu” nest. Then successive single letter commands aretsdraverse the
menus to get to what is needed, followed by any numericalpaiers. If the
controller is pre-set with parameters to set acceleratopnspeed and deceleration
then the ASCII sequend@D<distance in um>— Command, presets Drive

— will move the stage.

rem Moves the VIS-IR stage
rem J Symonds 2001
input("how far (microns)",s)
baud(2,19200)

comwrite(2,chr$(4)) : rem Reset stage

193
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delay(1000) : rem wait 1 s

comwrite(2,"CAD(";str$(s);") ") : rem move it

Move the pump (Standa) stage

This uses the Standa stage driver given in appendix B.

rem Move the Pump Stage

rem J.Symonds 2002

input("PUMP STAGE: microns",mic$)
executd'c:\stage.exe ";mic$)

end

Scan the VIS-IR stage symmetrically about starting point

Used to cross-correlate VIS and IR beams.

rem Program to Scan stage whilst taking successive scans
rem J. Symonds 2001

SetAcquisitionTypeg0): rem take signal rather than background
SetTriggerMode(1) : rem external trigger

cls()

k=key("Do you want to save the data? (y/n)")
if (k=="y") or (k=="Y") then
input("Filename base for Save", f$)
endif
input ("Number of accumulations per scan",a)
SetAccumulat€0.017,a,0.1): rem Accumulate (exposure time, number, delay time)
input ("Number of steps",n)

while (mod(n,2) != 0)

10
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wend
input("Step size (microns)",s)
print (n;" steps at ";S" micron step size")
print (" accumulations per scan")
if (k=="y") or (k=="Y") then 20
print ("Saving data with ";f$;" prefix into C:\Users\Scans directory")
endif
t=n*s : rem total distance to move
h=(t/2) : rem half this distance
baud(2,19200)
print ("Initialising stage. . . . . ")
comwrite(2,chr$(4)) : rem Reset stage
delay(1000) : rem wait 1 s
comwrite(2,"CAD(-";str$(h);")") : rem Put stage to beginning of scan
delay(4000) 30
counter= 1
while counter< (n + 1)
run() : rem acquire
#counter= #0 : rem spectrum number
d=(counters)-h
InfoText (#counter d;" microns from overlap centre") : rem annotate data
comwrite(2,"D(";str$(s);") ") : rem move stage
if (k=="y") or (k=="Y") then
rem save data
SaveAsciiXY(#counter"C:\Users\Scans\";f$;str$(countej;" . asc" 40
if (countet=1) then
CloseWindow(#(counter— 1))
endif
endif
p=(countem)*100
print (p;"% done")
counter= counter+ 1

delay(1000)



196 APPENDIX C: ACQUISITION PROGRAMS

wend

delay(2000) 50
comwrite(2,"D(-";str$(h);")") : rem Put stage back to centre

delay(2000)

print ("Finished!")

Measure a Free Induction Decay

Performs an unsymmetrical scan of the VIS-IR beams, as tteydame is longer
than the rise time. Moves back4 of the total distance, then scans, then moves

3/4 of the total, back to the centre.

rem Free Induction Decay

rem J. Symonds 2001

SetAcquisitionTypeg0): rem take signal rather than background
SetTriggerMode(1) : rem external trigger

cls()

k=key("Do you want to save the data? (y/n)")
if (k=="y’) or (k=="Y") then
input("Filename base for Save", f$)
endif 10
input ("Number of accumulations per scan",a)
SetAccumulat€0.017,a,0.1): rem Accumulate (exposure time, number, delay time)
input ("Number of steps",n)

while (mod(n,4) != 0)

wend
input("Step size (microns)",s)

print (n;" steps at ";S" micron step size")

print (8" accumulations per scan")
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if (k=="y") or (k=="Y") then 20
print ("Saving data with ";f$;" prefix into C:\Users\Scans directory")
endif
t=n*s : rem total distance
h=(t/4) : rem J4 of that distance
baud(2,19200)
print ("Initialising stage. . . .. ")
comwrite(2,chr$(4)) : rem Reset stage
delay(1000) : rem wait 1 s
comwrite(2,"CAD(-";str$(h);")") : rem Put stage to beginning of scan
delay(4000) 30
counter= 1
while counter< (n + 1)
run()
#counter= #0 : rem spectrum number
d=(counters)—h
InfoText (#counter d;" microns from overlap centre") : rem annotate data
comwrite(2,"D(";str$(s);")") : rem move stage
if (k=="y") or (k=="Y") then
rem save data
SaveAsciiXY(#counter"C:\Users\Scans\";f$;str$(countej;" . asc" 40
if (countet=1) then
CloseWindow(#(counter— 1))
endif
endif
p=(countem)*100
print (p;"% done")
counter= counter+ 1
delay(1000)
wend
delay(2000) 50
comwrite(2,"D(-";str$(3*h);") ") : rem Put stage back to centre

delay(2000)
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print ("Finished!")

Scan Pump Stage

For pump-probe type experiments.

rem Program to Scan PUMP stage whilst taking successivesscan
rem J. Symonds 2002

SetAcquisitionTypeg0): rem take signal rather than background
SetTriggerMode(1) : rem external trigger

cls()
k=key("PUMP STAGE. Do you want to save the data? (y/n)")

if (k=="y") or (k=="Y") then
input("Filename base for Save", f$)
endif
input ("Number of accumulations per scan",a)
SetAccumulat€0.017,a,0.1): rem Accumulate (exposure time, number, delay time)
input ("Number of steps",n)
input("Step size (microns)",s)

print (n;" steps at ";S;" micron step size (PUMP stage)")
print (8" accumulations per scan")
if (k=="y’) or (k=="Y") then
print ("Saving data with ";f$;" prefix into C:\Users\Scans directory")
endif
t=n*s
counter= 1
while counter< (n + 1)
run()
#counter= #0 : rem spectrum number
executg'"c:\stage.exe ";str$(s)) : rem move stage

if (k=="y") or (k=="Y") then

10
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rem save data
SaveAsciiXY(#counter"C: \Users\Scans\";f$;str$(countej;" .asc")
if (countet=1) then
CloseWindow(#(counter— 1))

endif
endif
p=(countem)*100
print (p;"% done")
counter= counter+ 1
delay(1000)

wend

delay(2000)

print ("Finished!")

30






Appendix D

FID Modelling Program

The following program is written in C and provides a UNIX st@hell command
fid <amplitude> <T,> <time zero, Ty> <temporal 2cg> <VIS-IR
delay, ™ <temporal Z2ovs> <resonant polarisability, a>
<non-resonant polarisability, (> <integration accuracy> <time
conversion factor>. When executed it then returns the value to standard out-
put of the FID curve for all the supplied parameters, basezhigguation 5.1 in
section 5.4.1, assuming Gaussian forms for the VIS and IRnbedt uses the
GNU scientific library to perform the integrations, whichadree open source
C library available to download from the GNU website [151]heTparameter
<integration accuracy> is the fractional error to which the adaptive integra-
tion algorithms are performedtime conversion factor> is a scaling factor
for all the time parameters which has to be carefully setetweavoid overflow

and underflow errors during the calculation.

Wavemetrics Igor Pro is used as the fitting application. Thoele@ling pro-
gram was written in C for speed, due to smaller system ovedhand the avail-

ability of adaptive integration routines. However, Igooyides a very powerful

201
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graphical fitting environment. The second program in thigeayalix is the Igor

routine which provides the free induction decay C prograngto for fitting.

/¥ Free Induction Decay Function Generatoy *
/£ J. Symonds 2002/*
/¥ GNU Scientific Library Version /

/¥ This program generates the amplitude of a FID for a givenetidelay ¥
/¥ Command parameters: laseamplitude T2 iccentre irwidth*/

/¥ tau vis.width resonantpolarizability nonresonanpolarizability*/

/% integration_accuracy timeconversionfactor */
#include <stdiah>

#include <stdlib.h>

#include <mathh>

#include <gslgsLintegrationh>

/¥ Gaussian Function /

double gaussia(double x, double x0, double dx)

return exp(—pow(x—x0,2.0)/pow(dx,2.0));

/¥ Exponential Decay Function/*

double decaydouble x, double x0, double dx)

10
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return exp(—(x—x0)/dx);

/¥ Generate Resonant Contributiony *

struct res params{ double max double decayc; double ir_c; double ir_w; };

double pol_regdouble tp, void * p)

struct res params* params= (struct res params*) p;
double t = (params>max);

double T2 = (params>decayc);

double ir_centre= (params>ir_c);

double ir_width = (params>ir_w);

double result

result = gaussiaftp,ir_centre ir_width)*decayt,tp,T2);

return result

/* Integrate Resonant and Non-Resonant IR contribs. -inf ty t

struct int_params{ double delay, double vis_w; double ir_c; double ir_w;

double decayc; double a; double b; double accuracy };

40
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double intensitydouble tp, void * p)

struct int_params* params= (struct int_params*) p;

double t = (params>delay);

double vis_width = (params>vis_w);
double ir_centre= (params:>ir_c);
double ir_width = (params>ir_w);
double T2 = (params>decayc);
double alpha= (params>a);

double beta= (params=>b);

double acc = (params>accuracy,

double res error, result

gslLintegrationworkspace* w2 = gslintegrationworkspacealloc(1000);

struct res params pass { tp, T2, ir_centre ir_width };

gsLfunction E

F.function = &pol_res

F.params= &pass

gslintegrationgagil (&F, tp, 0, acg 1000, w2, &res &error);

gslintegrationworkspacefregw?);

result = pow(gaussiaftp, t, vis_width)*(alpharestbetagaussia(tp, ir_centre
ir_width)),2.0);

return result
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int main(int argg char *argJ])

100
double amp
double acg cny,
double resulterror,

struct int_params pass

gslintegrationworkspace* w = gslintegrationworkspacealloc(1000);

cnv=atof(arg[10]);

amp=atof(arg\1]); 110
passdecayc=atof(argyv2])*cnv;

passr_c=atof(arg\3])*cnv;

passr_w=atof(arg4])*cnv;

passdelay=atof(arg5])*cnv;

passvis_w=atof(arg\{6])*cny,

passa=atof(arg\{7]);

passb=atof(arg\(8]);

passaccuracyatof(argV9]);

gsLfunction G 120
G.function = &intensity,

G.params= &pass

gslintegrationgagi (&G, 0, passaccuracy 1000, w, &result &erron;

result=pow(amp4.0);

printf("%.12g" resul);
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return (0); 130

Here is the Igor routine to call the C program. Wavemetridssupply an ex-
pensive add-on for Igor to allow it to call C programs dirgcHut | have found a
good workaround worth mentioning. | use an Apple Macintoghu@der Mac OS
X to run these programs, and on Apple machines Igor allowseeladdApple-
Script™ programs to be called, and then stores their standard oumtpuspecial
text variable. However, AppleScript routines can call UNddmmands under OS
X and thus the AppleScript embedded within the followingtioa simply calls
the fid command detailed above. The remainder of the code convertau-
merical fitting parameters to text form to pass to the UNIX ocwand, and then

converts the response back to a number.

#pragma rtGlobals=1 / Use modern global access method.

/ J.P.R. Symonds 2003
/ Calls C FI.D. function for fitting. Mac OS X only, as does iavi

// AppleScript, no PC equivelent provided in PC Igor for somasam.

function fid(t,ampT2,ir_centreir_width, vis_width,alphabetaoffsetacgconv)
variable t,ampT2,ir_centreir_width, vis_width,alphabetgoffsetaccconv
variable ans
10
// Concatenate string containing AppleScript code
String com = "Do Shell Script \"/home/jprs2/progs/fid "+num2str(1.0) + " " +
numa2str(T2) + " " + num2str(ir_centré+ " " + numa2str(ir_width) + " " +
numa2str(t) + " " + num2str(vis_width) + " " + num2str(alphg + " " +

num2str(betg+ " " + num2str(acg + " " + numa2str(cony) + "\""
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// Execute Applescript

ExecuteScriptText com

/ Next line makes sure than result is read tgfisient precision - Important! 20

sscanf S_valug"\"%18f\"", ans

return amprans-offset

end

function fidfit(v,x)
Wave v; variable x
variable ans

30
J// Print progress to IGOR history window
printf "%.109%.10g %.10g %.10g %.10g %.10g %.10g %.10g %.10g\r" x,v[0],v[1],v[2],
V[3],v[4],v[5],v[6],V[7]

ans = fid(x,v[0],v[1],v[2],v[3],V[4],V[5],V[6],V[7],1e—4,4e—4)
return ans

end







Appendix E

Program to Calculate Dipole Sum

In section 5.5.1 it was required to calculate the t@ﬁbz (1/F§3j) in equation 5.2
for all the dipole-dipole distancés; in a hexagonal layer of CO molecules. The
C program presented here, to be run under a UNIX type systerfgrms this
numerical calculation given the basic interdipole sepamnatt does this by taking
a triangular & slice of the hexagonal symmetry @Gnd increments a counter
layer with each iteration which represents the current row of tlaagle, from
the tip of the triangle at the centre of the hexagon outwéfdseach of théayer
atoms in the row, the distance is calculated to the centoah &ty the cosine rule,
and these distances are cubed and summed over each row, enthewhole
triangle until the iteration limit is reached. Then the sunsimply multiplied by

6 to give the correct value for the whole hexagonal overlayer

209
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/¥ 1/ "3 sum for hexagonal overlayey *
/£ J.P.R. Symonds 2003 *

#include <stdioh>

#include <stdlib.h>

#include <mathh>

int main()

double r0=6.0; /* centre-centre distance/*
int cycles=10000; # Number of iterations f
int atom

int layer,

double theta=60*(M _P1/180);

double corr=0.0;

double x;

double y;

double r;

for (layer=1; layer=cycles layer++)
{
for (atom=0; atomklayer, atomt+)
{

x=atontro;

y=layerr0;
r=sgrix*x+y*y—2*x*y*cogthetg);
corr=corr+(1/(r*r*r));

printf("Layer %i Atom %i Dist %g Correlation %g\n",layeratomr,corr);

10

20

30
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}
printf("Total correlation = %g\n",corr6);

}
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Endpiece

This thesis was typeset usifggX under Mac OS X and Sun Solaris. Data analy-
sis and presentation were performed using WavemetricsHgorDiagrams were
prepared using Dia, Adobe lllustrator, the GIMP and xFig.ti€x path simu-
lation was done using Sarkomand Software’s CyberRay. Bnogjstings in the
appendices were prepared with Lgrind.

The novel technique described in chapter 4 for in-situ l@baracterisation
is at the time of writing very soon to be published in tReview of Scientific
Instrumentg91]. The work on CQRU{1010} from chapter 5 was presented by the
author at theTime Resolved Vibrational Spectroscamnference in Italy, May

2003. The work from chapters 5 and 6 is also being preparepliolication.
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