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ABSTRACT 
 
 
 

The ultimate goal of any branch of chemistry, including surface chemistry, is to 

understand the dynamics of reactions. The typical time scale for bond making and 

breaking is the femtosecond time scale. Femtochemistry has led to enormous progress 

in the understanding, and even control, of chemical reactions in the gas and solution 

phases over the past decades. However, a comparable level of sophistication in the 

analysis of surface chemical reactions has not been achieved due to the complexity of 

the energy dissipation channels. For this thesis, a new experimental set-up was built 

with the goal to monitor the femtosecond laser-induced desorption (fs-LID) and 

femtosecond laser-induced reaction (fs-LIR) of CO and NO co-adsorbed on a Pd(111) 

surface. In addition, a femtosecond extreme ultraviolet (XUV) source was designed and 

commissioned. All the femtosecond laser-induced studies were accompanied by 

temperature programmed desorption (TPD) and reflection absorption infrared 

spectroscopy (RAIRS). First, fs-LID experiments were performed for pure CO and NO 

adsorbed on Pd(111) in order to test the apparatus. The CO and NO photodesorption 

dynamics were compared and the different photoreactivity was explained qualitatively 

using two theoretical models: electron friction and desorption induced by multiple 

electronic transitions (DIMET). The power law behaviour was also tested and a new 

method of fitting proposed. The photodesorption behaviour of CO co-adsorbed with NO 

on Pd(111) was then studied and compared qualitatively with the photodesorption 

behaviour of pure CO and NO within the empirical friction model.   
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Chapter 4 

 
The photochemistry of NO and CO on Pd(111) 
J. Butorac, R.S. Minns, E. L. Wilson, H. H. Fielding and W. A. Brown 
To be submitted to J. Phys. Chem. C. 

 

The photochemistry of the NO/Pd(111) and CO/Pd(111) systems has been investigated 

as a function of surface coverage using femtosecond laser-induced desorption (fs-LID) 

and compared with temperature programmed desorption. The adsorbate-surface 

systems are characterised using RAIRS. The fs-LID yield is monitored as a function of 

surface coverage and laser fluence. A new fitting procedure is proposed to take into 

account the threshold for laser-induced desorption. 

 

Chapter 5 

 

Femtosecond laser-induced desorption of NO + CO on Pd(111) 
J. Butorac, E. L. Wilson, R.S. Minns, W. A. Brown and H. H. Fielding 
To be submitted to J. Phys. Chem. C. 
 
The photochemistry of NO+CO on Pd(111) has been investigated as a function of 

surface coverage using femtosecond laser-induced desorption (fs-LID) and compared 

with temperature programmed desorption. The fs-LID yield is monitored as a function 

of surface coverage and laser fluence. 
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Introduction 1 
 

 

CHAPTER 1 

INTRODUCTION 

 

 

 Surfaces are known to be very difficult systems to study, due to complex surface 

preparation procedures, and the requirement to maintain a clean and well-defined 

surface. However, detailed understanding of chemical reactions on metal surfaces is 

particularly important since many metal surfaces are known to be good catalysts for a 

large number of chemical reactions. The ultimate goal is to understand the dynamics of 

surface reactions and this is not possible by simply utilizing standard surface science 

techniques such as scanning tunnelling microscopy (STM), low energy electron 

diffraction (LEED), high resolution electron energy loss spectroscopy (HREELS), 

ultraviolet photoelectron spectroscopy (UPS), temperature programmed desorption 

(TPD), reflection absorption infrared spectroscopy (RAIRS), and many others. 

 In order to be able to elucidate the dynamics of chemical reactions on surfaces, 

femtosecond time resolution is necessary, since this is the timescale of bond making and 

bond breaking. Experimental studies with femtosecond time resolution became possible 

with the development of lasers with ultrashort pulse duration. 1 The field was pioneered 

by Zewail and co-workers and recognized by the award of the Chemistry Nobel prize in 

1999.2 Time-resolved femtochemistry experiments led to huge progress in the 

understanding and control of chemical reactions in the gas and solution phase, however 

surface femtochemistry, both static and time-resolved, is still in relative infancy, with 

the fundamental processes not well-understood.  

 In this thesis, a novel experimental set-up is designed in order to monitor, for the first 

time, the femtosecond laser-induced desorption (fs-LID) and reaction of CO and NO co-

adsorbed on a Pd(111) surface.   

 

 

 

 

 



Introduction 2 
 

1.1 Motivation for studying adsorption of CO and NO on surfaces 

 The study of the adsorption of molecules on solid surfaces has increased greatly 

since the early 1960s. About 90% of all industrial chemical processes involve 

heterogeneous catalysis, which is not only the basis of the chemical and petroleum 

industries, but is also of crucial importance for protecting the environment. 3  

 In this PhD thesis, the reaction of interest is that between CO and NO on Pd(111). 

The CO + NO reaction has been studied over a variety of transition and noble metal 

catalysts. 4 −13 In the late 1970s, the three-way catalytic converter was introduced into 

the emission control systems of car exhausts in the United States. The three-way 

catalytic converter simultaneously catalyses three reactions: the reduction of NOx 

species, the oxidation of CO and the oxidation of excess hydrocarbons, as shown in 

Scheme 1.1. 

 

2NOx → xO2 + N2         (1) 

2CO + O2 → 2CO2                                        (2) 

CxH2x+2 + [(3x+1)/2]O2 → xCO2 + (x+1)H2O     (3) 

 

 Scheme 1.1. Reactions in the three-way catalytic converter. 

 

 

 In order to choose the cheapest and the best catalyst it is important to understand the 

fundamental reaction pathways and catalytic characteristics. The first catalysts were 

made of platinum and rhodium (90% platinum and 10% rhodium). The problem with 

these catalysts is that rhodium is expensive and a rare element, so with the increasing 

number of cars in operation there is a desire to replace rhodium with a less expensive, 

more plentiful, substitute. Palladium is one possible alternative, not only because it is 

more plentiful, but it has also been found to be more durable at higher reaction 

temperatures, so it can be positioned nearer to the engine. Palladium has also 

demonstrated excellent hydrocarbon oxidation characteristics. 3 

 

 

 

 

 



Introduction 3 
 

1.2 Surface science approach in studying real catalysts  

 A typical catalyst consists of nanometer sized particles with a lot of different crystal 

planes with various structural defects and chemisorbed foreign atoms. Hence, the 

surface chemistry of a real catalyst is rather complex. 14 Langmuir 15 in 1922 suggested 

a scientific approach that enables studying real catalysts in a systematic way: 

 In order to simplify our theoretical considerations of reactions at surfaces, let us 

confine our attention to plane surfaces. If the principles in this case are well 

understood, it should then be possible to extend the theory to the case of porous bodies. 

 Thus, the first step towards understanding reactions on real surfaces that are used in 

catalysis is to understand the reaction on a well-defined, single-crystal surface that is 

prepared and investigated using ultrahigh vacuum (UHV) techniques and a whole range 

of classic surface science techniques. Since most classic surface science techniques 

cannot be performed at the high pressure conditions of real catalysis, there is a so-called 

‘pressure gap’. In addition, since the properties of well-defined single crystal surfaces 

will generally be quite different to the surface properties of real catalysts, there is a so-

called ‘materials gap’. 14 The materials gap can be overcome by comparing reactions on 

various well-defined surfaces with conventional high surface area powder catalysts. 3 

Some of the surface science techniques, such as RAIRS, can be used under atmospheric 

conditions. Hence, the pressure gap can be overcome by studying the reaction at 

different pressures.  

 In this thesis, the reaction of interest is studied on a well-defined, single crystal 

surface under UHV conditions as a first step towards understanding the same reaction 

on real catalysts under atmospheric conditions.  

1.3 Importance of femtosecond lasers in surface photochemistry 

 There are several factors motivating the use of femtosecond lasers in surface science 

experiments. Perhaps the most obvious motivation, as in gas-phase studies, 16, 17 is the 

possibility of direct access to the fundamental time-scale of the relevant chemical 

processes. In addition to this, the absorption of femtosecond laser pulses at a metal 

surface can result in the creation of unique, non-equilibrium, excitation of the substrate. 

The exploration of surface processes resulting from these conditions is interesting in its 
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 Irradiation of a metal surface with femtosecond laser pulses results in the 

confinement of all energy in the electronic system during short-lived, electron-hole pair 

transients. These non-thermalized, hot carriers are capable of inducing surface reactions. 

This effect is the well-known process of substrate mediated surface photochemistry. 

However, in classic substrate mediated surface photochemistry (using a continuous 

wave laser or a nanosecond pulse laser) the density of these hot carriers is usually low, 

so the possibility for new reaction channels is not as high as with femtosecond laser 

pulses.  

 Femtosecond laser pulses also enable the study of non-adiabatic effects. When the 

substrate is a metal surface, there is a whole manifold of electron-hole pair excitations, 

so the Born-Oppenheimer (adiabatic) approximation is often not a good approximation. 

The Born-Oppenheimer approximation assumes that the electron motion is much faster 

than the nuclear motion, hence the electrons adjust instantaneously to the current 

nuclear configuration. When the electrons do not respond instantaneously to the motion 

of the adsorbate, electron-hole pairs can be created or destroyed, and this is the origin of 

strong non-adiabatic couplings. 

1.4 Laser excitation of a metal adsorbate system 

 In Figure 1.1 it was shown schematically how energy flows between the electronic 

and vibrational excitations in the adsorbate-substrate complex and several pathways by 

which laser excitation can lead to chemical reaction. Each of these subsystems can be 

studied in detail. Hence, first the response of the metal substrate (parameters will be 

given for Pd(111)) to femtosecond laser pulses will be considered and then the 

electronic structures of the adsorbates, CO and NO, on Pd(111) will be presented. 

Finally, two models for describing the coupling mechanism for the energy transfer 

between the substrate and adsorbate will be described.   

1.5 Laser excitation of the substrate 

 Upon photoabsorption, the following processes occur within a metal substrate: 22 

 

1) Photons of energy hν are absorbed by the electrons. 
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2) The non-equilibrium electron distribution relaxes by electron-electron 

interactions toward the Fermi-Dirac distribution, which can be characterized by 

a local electron temperature Te(r, t). 

3) Simultaneously with 2), electrons scatter to lower energies by electron-phonon 

interactions. The resulting excited phonons are not necessarily in thermal 

equilibrium with the electrons. 

4) The non-equilibrium phonon distribution relaxes by phonon-phonon and 

electron-phonon interactions toward the equilibrium Bose-Einstein distribution 

at the local lattice temperature Tp(r, t). 

5) Simultaneously with 1) to 4), thermal diffusion, carried by the electrons, 

distributes the energy deposited within the optical penetration depth into the 

bulk. 

 

 As an approximate description of the substrate excitation, the two temperature 

model 23 is usually used. In this model, the electronic excitation is taken to be 

characterized by an equilibrium Fermi-Dirac distribution at a temperature Te  (electron 

heat bath) and the phonons are characterized by a thermal Bose-Einstein distribution at 

a temperature Tp (phonon heat bath). The electron heat bath transfers energy, either to 

the substrate by thermal diffusion, or to the phonon heat bath via electron-phonon 

coupling. In this model, only one-dimensional heat flow along the surface normal 

direction z will be considered, since the size of the laser spot is large compared to the 

optical penetration length and the lateral thermal diffusion lengths. The temporal 

evolution of the electron and phonon heat baths can be represented by a set of coupled 

differential equations: 
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where Ce and Cp denote, respectively, the electronic and phonon heat capacities, κe is 

the thermal conductivity, g is the electron-phonon coupling constant, and A(z, t) 

represents a term which is due to the absorption of the laser pulse. All the constants 

necessary to solve these equations for Pd are given in Table 1.1. 
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Table 1.1 Physical properties of palladium. 

electronic specific heat coefficient γ1 249.14 J m-3 K-2 24  

electronic specific heat offset γ0 249.14 J K-2 m-3 

thermal conductivity at 300 K κ0 72 W m-1 K-1 25  

Debye temperature ϑD 274 K 25 

refractive index (800 nm) nr+ik 2.08+4.55i 

optical penetration depth∗ δ 14 nm 

 

 

The temperature dependence of the electron thermal conductivity can be approximated 

via: 26 

  p

e

e
T

T
0κκ = ,      (1.2) 

where κ0 is the thermal conductivity at 300 K (given in Table 1.1). 

 The phonon heat capacity, as a function of phonon temperature Tp, can be calculated 

according to the Debye approximation: 25  
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where NA is the Avogadro constant, kB is the Boltzmann constant and ϑD is the Debye 

temperature that is given in Table 1.1. For Tp > ϑD, Equation 1.3 passes into the 

Dulong-Petit law, where a constant heat capacity, Cp ~25 J K-1 mol-1 is derived. 

 The heat capacity of the electrons, Ce, depends on Te and is given by 25 

  ee TC 10  γ += γ ,                                    (1.4) 

where γ1 is the electronic specific heat coefficient and γ0 is the electronic specific heat 

offset, both given in Table 1.1. 

 The value of the electron-phonon coupling constant, g = 5×1011 W cm-3 K-1, was 

determined from the relationship given by Allen. 27 

 The overall optical excitation A, as a function of z and t is: 

                                                 

∗ 
kπ

λ
δ

4
= , where λ is the wavelength and k is the imaginary part of refractive index. 
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where R is the reflectivity of the metal surface for the particular angle of incidence, I is 

the intensity of laser radiation, z is the direction of propagation perpendicular to the 

surface, and δ is the optical penetration depth. The reflectivity for light polarized 

perpendicular (Rs) or parallel (Rp) to the plane of incidence can be calculated from the 

Fresnel equations as a function of the angle of incidence i: 28 
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where a, b can be obtained from  

 )sin(]4)sin[(2 2222/12222222
iknknikna rrr −−++−−=  (1.6c) 

 )sin(]4)sin[(2 2222/12222222
iknkniknb rrr −−+−−−= . (1.6d) 

In these relations, nr is the real part of the refractive index and k is the imaginary part of 

the refractive index, n = nr + ik. 

 In Chapter 5, qualitative analysis of photodesorption results for co-adsorbed systems 

is performed using results for Te and Tp from Szymanski et al.
29, so all the physical 

constants and parameters needed to solve equations 1.1a and 1.1b are described in 

detail. Equations 1.6a and 1.6b are not only relevant for the calculation of the optical 

excitation in the two temperature model, but also for the calculation of absorbed laser 

fluence (described in detail in Chapter 2). For all experiments performed in this thesis, 

laser light was polarized perpendicular to the plane of the sample (parallel to the plane 

of incidence). 
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1.6 Electronic structure of the CO and NO on transition metals 

 In the free CO molecule, the 5σ and 2π* molecular orbitals are the highest occupied 

(HOMO) and lowest unoccupied (LUMO) molecular orbitals, respectively. Upon 

adsorption, it is generally assumed that the major CO-metal interaction can be explained 

in terms of interactions of the HOMO and LUMO of the adsorbate with the metal d-

orbitals. The Blyholder model 30 is based on donation from the occupied CO 5σ orbital 

into empty surface orbitals, and back-donation from occupied surface orbitals to the 

unoccupied CO 2π* orbital. In the literature, there is divided opinion about this model. 

31, 32, 33, 34 The chemisorption of CO on a metal surface can also be determined using 

density functional theory (DFT) calculations, 35 and the contribution to chemisorption is 

considered to be not only from the 5σ and 2π* orbitals, but also from the 1π and 4σ 

orbitals of CO. 

 Figure 1.2 shows the density of states (DOS) for the free CO molecule (for the 1π, 

4σ, 5σ and 2π* orbitals) and the interaction of these orbitals with the metal substrate 

(Pt) d-orbitals. Based on the position of Pt and Pd in the periodic table, a similar 

interaction of CO with the Pd d-orbitals is expected. The position of the molecular 

orbitals of the CO adsorbate on Pd will be slightly shifted with respect to the Fermi 

level, since the Fermi energy of Pd is ~1 eV lower than the Fermi energy of Pt 36. 
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Figure 1.2 The electronic densities of states for the CO molecule adsorbed in top, bridge, fcc and hcp 

hollow sites of Pt surfaces. The upper five panels describe the density of states (DOS) for various 

molecular orbitals of the CO molecule. The lower six panels show the DOS for the substrate atom(s) 

interacting most with the molecule. The panels labelled “free CO” and “clean” describe the non-

interacting case for comparison. Figure taken from reference 35.  

 

 

 The main role in bonding CO to the metal surface is due to the interaction of the 5σ, 

1π and 2π* orbitals with the metal. Upon adsorption, these orbitals shift in energy and 

broaden. This broadening and shift increases with the coordination number of the 

substrate atoms. The 5σ orbital of CO interacts with the dz
2 orbital of the metal, and the 

bonding contribution is centred ~7.5 eV below the Fermi level. 37 The antibonding 

contribution is located at higher energies and extends up to the Fermi level. The 1π and 

2π* orbitals of CO interact with the dxz (dyz) and in plane (dx
2

-y
2, dxy) orbitals of metal 

atoms. The main part of the 1π orbital is centred ~ 6 eV below the Fermi level. Upon 

adsorption, this peak broadens, ending up at the Fermi level. The partially filled 2π* 

orbital has a bonding contribution in the same energy range as the 1π orbital, but the 
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density of states is very low, as can be seen in Figure 1.2. The main antibonding 

contribution is positioned at ~3 eV above the Fermi level. 37
 

 The same mechanisms dominate the adsorption of NO, but now the partially filled 

2π* orbital, after interaction with the metal d-orbitals, has both bonding and antibonding 

contributions near the Fermi edge, and the 5σ and 1π orbitals are located at higher 

binding energies. The repulsive interactions arising from the interaction of the 1π orbital 

with the d-band are greatly reduced, while donation from the 5σ state is still efficient. 37 

This electronic structure of the adsorbate substrate complex explains the larger 

adsorption energy of NO compared to CO, which is illustrated in TPD and RAIRS 

experiments in Chapters 4 and 5. Experimental investigations using direct and inverse 

photoelectron spectroscopy for CO and NO adsorption on Pd(111), show that the 2π* 

orbitals of CO lies at around 4.6 eV with respect to the Fermi level, and the 2π* orbitals 

of NO have contributions below the Fermi level (~-2.7 eV) and above the Fermi level 

(~1.7 eV), 38 in agreement with DFT calculations shown in Figure 1.2. The position of 

the 2π* orbital with respect to the Fermi level gives one of the possible explanations for 

the lower fluence threshold for NO on Pd(111) than for CO on Pd(111) in terms of 

desorption induced by multiple electronic transitions (DIMET). This mechanism is 

explained in more detail in Section 1.8 b. The fluence threshold observed in fs-LID 

studies of CO and NO on Pd(111) is discussed in Chapter 4. 

1.7 Mechanisms of coupling of electronic excitation to adsorbate degrees of freedom 

 The coupling of electronic degrees of freedom to adsorbate motion has received a 

great deal of attention in the literature. 32, 39 In this section, two models are discussed 

that treat the strong coupling between the substrate electronic excitation and adsorbate 

modes: the friction model and DIMET. 

1.7.1 Friction model 

 In this model, 40, 41 adsorbate motion is assumed to occur on a single potential energy 

surface. The interaction of the adsorbate with substrate electronic excitations, causes the 

motion on the potential energy surface to be perturbed. Figure 1.3 is a cartoon 

illustrating the electronic friction mechanism. 
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Figure 1.3 Frictional coupling between the adsorbate and the substrate. The adsorbate vibration leads to a 

motion along the reaction coordinate and an energetic shift of the adsorbate resonance with respect to the 

Fermi level. Motion of the adsorbate creates electron-hole pairs in the substrate. Figure taken from 

reference 42. 

 

 

 Two well-established models are used to describe the interactions of the adsorbate 

with substrate electronic excitations, one of which uses a quantum mechanical approach 

to describe the excitation of the intramolecular coordinate and the other uses classical 

equations to describe the motion of the centre of mass of the adsorbate. 

1.7.1.1 Quantum mechanical approach to the friction model 

 In this model, the energy transfer between the substrate and the adsorbate is mediated 

by frictional coupling between the electron and phonon heat bath to a harmonic 

oscillator of the adsorbate motion. The time evolution of the energy content of the 

adsorbate is based on the master equation formalism, 40, 43 and can be represented by 

Equation 1.7: 44 

  
( ) ( )

adsppadseeads UUUUU
dt

d
−+−= ηη   (1.7) 

where ηe and ηp are coupling coefficients between the substrate electrons and the 

adsorbate and substrate phonons and the adsorbate, Uads is the energy of the adsorbate 

and Up and Ue denote the energy that would be in vibrations if it was equilibrated at a 

temperature Tp or Te, respectively. 
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whereh is the Planck constant divided by 2π, ω is the angular frequency and kB is the 

Boltzmann constant. If Tads, Tp and Te >>
Bk

ωh
, then the oscillator energies (Uads, Up and 

Ue) can be replaced by their classical limits - the corresponding temperatures 

themselves. Thus, Equation 1.7 becomes: 

  
( ) ( )

adsppadseeads TTTTT
dt

d
−+−= ηη . (1.9) 

Tads can be calculated from Equation 1.9 after Te and Tp are calculated using the two 

temperature model. 23 This Tads is then used to obtain the reaction rate, R, and finally, 

the reaction yield, Y, as the time integral of R. The reaction rate is calculated from the 

Arrhenius expression for the desorption rate at a given oscillator temperature: 
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where θ, n, ν and Ea denote the coverage, the order of the reaction kinetics, pre-

exponential factor and activation energy for desorption. This model was used in  

Chapter 5 when desorption yields in fs-LID experiments of CO or NO in co-adsorbed 

systems are compared with desorption yields of pure CO or NO, respectively. In 

Chapter 4, the higher photoreactivity of NO is explained using the modified friction 

model developed by Brandbyge and co-workers. 41 In this model, only coupling 

between the substrate electrons and the adsorbate is considered, so Equation 1.9 

becomes, 

  ( )adseeads TTT
dt

d
−=η . (1.11) 

The probability of desorption, Pdes, in this model is given by Equation 1.12: 
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The activation energy, Ea, electron friction coefficient ηe, and adsorbate temperature 

Tads, now enter the pre-exponential factor.  It is very easy to relate a value of ηe to the 
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desorption probability, since the desorption probability is proportional to the value of 

the electron friction coefficient.  

1.7.1.2 Classical treatment of motion in the friction model 

 The quantum mechanical model of electronic friction is only suitable for the case 

where the interaction potential is harmonic, for example, the excitation of the 

intramolecular vibration of the adsorbate. A semi-classical treatment of the motion 

enables the study of more complex and realistic potential energy surfaces, and gives 

direct information about the motion of the adsorbate-substrate complex. This approach 

has not been used in this thesis, but it will be described briefly as an approach from 

which information about the adsorbate-substrate system is obtained directly. The 

weakness of this model is in the error introduced by neglect of quantum mechanical 

effects. This error is not so significant for high electron temperatures where there is 

significant population of quantum states.  

 The nuclei are described by a classical equation of motion, with a frictional coupling 

to the heat bath. In its one-dimensional form, the Langevin equation 45 for motion is: 
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Here, m is the particle mass, z is the distance between the adsorbate and substrate, ηe is 

the friction coefficient for coupling between the electronic degrees of freedom of the 

substrate and the nuclear degrees of freedom of the adsorbate, F is the force acting on 

the particle in the adsorption well modelled by a Morse potential and Г(t) is the 

stochastic force. Direct integration of Equation 1.13 gives a set of stochastic trajectories 

of the adsorbate centre of mass coordinate. 

1.7.2 DIMET 

 The DIMET model 46 is based on the model for desorption induced by electronic 

transitions 47 (DIET). In this model, the substrate electronic excitations act to induce 

electronic transitions in adsorbate localized states. It is employed in the literature for 

treating conventional photoinduced effects on surfaces 32, 39 induced by pulses of at least 
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picosecond duration. However, the novel aspect of this model associated with 

femtosecond pulses is related to the density of substrate electronic excitation (density of 

electron-hole pairs) seen at high electronic temperatures, Te. This high density of 

electron-hole pairs can lead to a lot of successive electronic transitions that transfer 

energy into adsorbate motion before it vibrationally relaxes into the ground electronic 

state. Before introducing the DIMET model, the DIET model will be described briefly.   

1.7.2.1 DIET model 

 The first successful explanation of the DIET mechanism was given by Menzel, 

Gomer and Redhead. 48, 49  The excitation mechanism is shown in Figure 1.4. 

 

 

Figure 1.4 Schematic 1D illustration of DIET. Excitation of the adsorbate is through an electronic 

transition to a repulsive electronic state. After returning to the ground electronic state, the molecule gains 

vibrational energy. Figure taken from reference 42. 

 

 

 In Figure 1.4, the excited electronic state is repulsive, as proposed in the Menzel-

Gomer-Redhead model. The same mechanism is also valid for bound excited states, 

first considered by Antoniewicz 50. The ground potential energy surface (PES) can be 

described using a Morse potential. The system undergoes an electronic transition from 

the ground electronic state (HOMO) to the higher lying adsorbate resonance (LUMO). 

The equilibrium distance of the excited PES is displaced from that of the ground PES, 

so this results in a large force that accelerates the adsorbate towards the surface. The 

lifetime of the adsorbate on the excited PES is short, hence the adsorbate returns to the 
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ground PES after having moved only slightly, and usually the vibrational energy gain is 

not enough for the adsorbate to desorb. This fact explains the low desorption yields 

usually seen in DIET on metal surfaces. 

1.7.2.2 DIMET model  

 At the high electronic temperatures reached during femtosecond laser irradiation of 

the substrate, a novel mechanism for the energy transfer between the substrate and 

adsorbate may appear. The initial step is a Franck-Condon transition to the excited PES. 

If the adsorbate remains on the excited PES for a time t < τc (τc is the minimum duration 

of motion on the excited PES necessary for desorption to occur), then the adsorbate 

cannot desorb, but it can make another Franck-Condon transition, from a vibrationally 

excited level of the ground PES. The adsorbate-surface vibration will therefore gain an 

additional amount of vibrational energy. A lot of these excitation-deexcitation cycles 

may occur within the lifetime of the molecule–surface vibration, so the desorption 

probability will be significantly enhanced compared to DIET. Stochastic trajectory 

simulations can be performed to obtain more quantitative understanding of the DIMET 

mechanism. For these simulations a knowledge of the ground and excited PES is 

required, as well as the rates of excitation and deexcitation. If the excited PES is 

regarded as a negative ion excited state, then the excitation and deexcitation can be 

regarded as the hopping of the electron from the substrate onto the adsorbed molecule 

and vice versa. The deexcitation rate can be modelled as: 
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where τ is the excited state lifetime, z is the substrate-adsorbate distance, zd is the 

parameter for the fall-off in the hopping rate, f(ε, Te) denotes the Fermi factor for energy 

ε and electronic temperature Te. The activation rate can be modelled as: 
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where kd is the deexcitation rate, εA is the difference in the energy between the excited 

and ground PES for one value of z. The desorption trajectories can then be calculated 
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from stochastic simulations. In Chapter 4, the higher photoreactivity of NO compared to 

CO is explained using equations 1.14 and 1.15. 

1.8 Link between laser-induced reactions and thermal reactions 

 The processes initiated by a femtosecond laser can be driven by non-equilibrium 

substrate electrons, before their thermal equilibration with phonons. A range of 

adsorbate/metal systems have been studied experimentally and theoretically using 

femtosecond laser excitation, see for example reference. 51 

 If there is a possibility for competing reaction pathways, as was the case for 

O2/Pt(111), 52 the channel favoured by thermally driven reactions can be different from 

the one favoured by femtosecond laser-induced reactions. In the case of O2/Pt(111), 

heating of the Pt(111) surface with a saturation coverage of molecular oxygen gives rise 

to a substantial coverage of atomic oxygen, so the dissociation channel is preferred to 

the desorption channel. When the system is irradiated by femtosecond laser pulses, then 

there is a strong preference for desorption over dissociation. One of the exciting 

possibilities offered by femtosecond laser-induced reactions is the possibility for a new 

reaction path. This was demonstrated for a ruthenium surface on which carbon 

monoxide and atomic oxygen were co-adsorbed. 53  For this system, CO2 cannot be 

formed thermally, but upon irradiation with femtosecond laser pulses there are two 

processes happening: formation of CO2 (new reaction channel) and desorption of CO (a 

process also observed in thermally-induced reactions).  

 Nonetheless the reaction channels for thermally-induced desorption are sometimes 

the same as those for fs-LID. For example, based on the examples shown in the 

previous paragraph, it is expected that the dissociation channel will be active in the 

femtosecond laser irradiation of NO/Pd(111) 54 even though this is not the case in TPD 

experiments. There were no significant reaction products due to the molecular 

dissociation of NO, and this finding is consistent with the one from TPD.  

 There are many authors who have modelled fs-LID data successfully using activation 

energy from TPD data, either for the case where the channel favoured by a thermally 

driven reaction is different from the one favoured by fs-LID experiments (see for 

example Bonn et al. 53) or is the same (see for example Prybyla et al. 54). 
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 In Chapter 5, the importance of finding a link between thermally-induced reactions 

and femtosecond laser-induced reactions is discussed. In the modelling of femtosecond 

laser-induced desorption by the friction approach, the desorption step can be modelled 

as the crossing of an effective activation energy barrier. If a simple one dimensional 

potential energy surface is assumed, then the activation energy for photoinduced 

desorption is presumed to be the same as that used to describe thermal desorption. There 

are several cases where the activation energy from TPD data has been used successfully 

to simulate photodesorption. 44,53,55,56  The photodesorption in these cases was modelled 

only for the case of one adsorbate on a particular metal surface. In this thesis a change 

in the position of the desorption peak maximum in TPD spectra in co-adsorbed (CO + 

NO/Pd(111)) with respect to the pure systems (CO/Pd(111) or NO/Pd(111)) is linked to 

the measured difference in the photodesorption yield for the first time.  

1.9 Summary 

 This chapter introduced key topics that are important for the work described in 

Chapters 4 and 5. Chapter 4 describes the fs-LID of pure  CO and NO on Pd(111) which 

have been performed before, 54, 56  providing a good test of the new apparatus. It also 

sets the scene for the next chapter. Chapter 5 describes the fs-LID of co-adsorbed CO 

and NO, together with a brief description of the reaction products generated during 

irradiation at one particular laser fluence.  

 The CO and NO reaction on Pd(111) was chosen because there is a lack of 

knowledge about the molecular mechanism. Palladium would be a good alternative to 

expensive rhodium that is currently used in car exhaust catalysis.  

 Irradiation of the CO(NO)/NO(CO)/Pd(111) surface with femtosecond laser pulses 

can provide the possibility for a new reaction path, or a reaction channel favoured by 

TPD (desorption of CO and NO) which can be different from a reaction channel 

favoured by fs-LID (preferably CO and NO reaction).  
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1.10 Thesis outline 

In this chapter, the theoretical concepts for Chapter 4 and 5 have been introduced. 

Chapter 2 describes a novel apparatus designed for fs-LID studies, and describes in 

detail photodesorption experiments. Basic theoretical concepts for TPD and RAIRS are 

also described. 

Chapter 3 describes the design and commissioning of a femtosecond extreme ultraviolet 

(XUV) source, and theoretical simulations of the 9th (89 nm) and the 11th (72 nm) 

harmonic of the fundamental 800 nm femtosecond radiation. This apparatus can 

currently be used for gas phase photochemistry experiments.  

Chapter 4 describes fs-LID studies of CO and NO adsorbed individually on the Pd(111) 

surface. Fs-LID studies are performed for three CO (NO) exposures, respectively. These 

studies are accompanied by RAIRS and TPD, and provide a good test of the new 

apparatus. 

In Chapter 5, fs-LID studies are presented for systems where CO and NO are co-

adsorbed. Studies were performed either by first dosing NO and then exposing the 

surface to CO, or by first dosing CO and then exposing the surface to NO. The 

photodesorption behaviour of CO or NO in the co-adsorbed systems is compared with 

the photodesorption of pure CO or NO, respectively.  
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CHAPTER 2 

EXPERIMENTAL APPARATUS  

AND DIAGNOSTICS FOR FS-LID 

 

 

2.1 Introduction 

In this chapter, a detailed description of the experimental setup for femtosecond 

laser-induced desorption (fs-LID) is provided. The setup consists of an ultra-high 

vacuum (UHV) chamber and an amplified femtosecond laser system delivering 800 nm 

laser pulses that is also used for extreme ultraviolet (XUV) generation (described in 

detail in Chapter 3). After a description of the vacuum chamber and the laser systems, 

the diagnostic experimental methods (methods for beam waist and pulse duration 

measurements, reflection absorption infrared spectroscopy (RAIRS) and temperature 

programmed desorption (TPD)) are explained. The chapter ends with a brief description 

of how the photodesorption experiments described in this thesis (Chapter 4 and Chapter 

5) were performed. 

2.2 UHV chamber 

 The UHV chamber in which all of the experiments described in this thesis were 

performed, was designed before the start of this PhD. However, the components were 

assembled and tested during the course of these studies. The chamber has two levels: an 

upper level designed for TPD and fs-LID experiments, and a lower level for cleaning 

the sample and for RAIRS experiments. In Figure 2.1 a photograph of the UHV 

chamber is shown. Figure 2.2 is a schematic diagram showing the positions and 

orientations of the ports in the UHV chamber.  

 

 



 

 

Figure 2.1 UHV chamber

Figure 2.2 The arrangement of the ports 

and upper level (right). 

 

 

 The upper level of the 

eventually connect the UHV chamber 

Chapter 3) for future time

quadrupole mass spectrometer (HAL
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UHV chamber 

 

 

The arrangement of the ports (viewed from above) on the UHV chamber: 

The upper level of the home built UHV chamber is equipped with a port which 

the UHV chamber with the XUV radiation

future time-resolved photoelectron spectroscopy (TRPES) experiments

quadrupole mass spectrometer (HAL 3F/PC, Hiden Analytical) for TPD and 
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UHV chamber: lower level (left) 

chamber is equipped with a port which will 

the XUV radiation source (described in 

resolved photoelectron spectroscopy (TRPES) experiments, a 

en Analytical) for TPD and 
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femtosecond LID experiments and a hemispherical analyzer (Scienta R3000, VG) for 

measuring the kinetic energies of the photoemitted electrons in TRPES experiments. 

The lower level consists of infrared optics for RAIRS experiments (Nicolet 6700), 

optics for LEED and Auger electron spectroscopy (AES) (Specs), an argon ion gun 

(IQE 11/35, SPECS) for sample cleaning, equipped with a valve for leaking gas into the 

chamber, a residual gas analyser (RGA) (Hiden), an ion gauge and a vacuum pumping 

system. The vacuum pumping system consists of a turbo-molecular pump (Turbovac 

361, Leybold) backed by a rotary pump (Trivac D8B, Leybold), with further pumping 

provided by ion and titanium sublimation pumps (Gamma vacuum). The chamber is 

also fitted with multiple view ports to allow observation of the sample during 

positioning in the chamber. The entire sample assembly (Section 2.3) is mounted on a 

precision manipulator (Omniax Translator, MX series, Vacuum Generators, UK) which 

permits translation along the x, y and z axes and 360˚ rotation. The sample can therefore 

be positioned accurately within the chamber. For both sample cleaning and adsorption 

experiments, gases must be leaked into the chamber in a controlled manner. A gas 

manifold allows this process to take place. It is made from stainless steel to maintain the 

purity of the gases and to prevent corrosion. The gas manifold is evacuated using a 

turbo-molecular pump (Turbovac 50, Leybold), which is backed by a rotary pump 

(D4B, Leybold). The chamber also has two differentially pumped windows (for RAIRS) 

which are pumped by a rotary pump. The chamber is baked at 120 ˚C for 24 hours 

allowing a base pressure of around 10-10 mbar to be obtained. In the next two sections, 

the sample cleaning procedure and sample heating design will be explained. 

2.3 Sample cleaning procedure 

 A single crystal Pd(111) surface has been used in all of the experiments described in 

this thesis. In order to perform an experiment on a well-defined single crystal surface, it 

is necessary that the surface is clean before the experiment starts. An everyday cleaning 

procedure performed prior to each of the experiments consisted of Ar+ sputtering at 1 

keV, then annealing to 1100 – 1200 K, cooling in oxygen, and again, brief annealing. 

Sputtering, annealing and chemical cleaning are standard cleaning techniques in surface 

science. Sputtering is a technique that involves a high energy beam of inert gas ions 

colliding with the surface and removing the atoms from the top surface layers. The 
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disadvantage of this technique is that the surface is left in a heavily damaged state, 

usually with embedded inert gas atoms, so it must be annealed to restore the order. 

Annealing involves heating to a high temperature, at which the surface atoms become 

mobile and reorder themselves, and any impurity atoms such as sulfur or carbon are 

brought to the subsurface region from the bulk. These impurities are the reason why the 

initial cleaning procedure involves many cycles of sputtering and annealing to deplete 

the impurities in the subsurface region. By chemically cleaning the surface, impurities 

are removed in the form of compounds that are easily desorbed from the surface such as 

CO, CO2 or H2O.  

2.4 Sample heating design 

 The design of the heating system was important in order to ensure that cooling of the 

sample to liquid nitrogen temperature (77 K), and heating to the annealing temperature 

required for the cleaning procedure (1100 - 1200 K) were both possible. The sample 

temperature was measured using a K-type thermocouple in the 300-1200 K range.  

 In order to reach the very high temperatures required for annealing, a resistive 

heating system was used. This set-up enabled us to reach very high annealing 

temperatures in the cleaning cycle as well as to achieve the well-controlled and constant 

heating rate necessary for TPD experiments, as shown in Figure 2.3. 
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Figure 2.3 A plot showing temperature vs time during one of the TPD experiments. 
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 To reach liquid nitrogen temperatures, a cold-finger is located in the middle of 

manipulator. A copper sample mount is on the end of the cold-finger. The copper 

sample mount consists of four layers, as shown in Figure 2.4c: in the first layer, there 

are two copper blocks, in the second layer there is a sapphire plate, in the third layer 

there is a heat exchanger made of copper, and in the last layer there is a sapphire plate. 

The first and last layers can be seen in figures 2.4a and 2.4b, respectively. The whole 

assembly is tightened with bolts covered in ceramic pieces. 

 Into the two copper blocks, Kapton-coated copper wires that provide current for the 

resisitive heating are introduced. The copper blocks need to be electrically insulated 

from each other, hence there is a ceramic disc placed between them. The copper blocks 

also need to be electrically, but not thermally, insulated from the heat exchanger. For 

that purpose, a sapphire disc is used. The sapphire disc is an electrical insulator and it 

has maximum thermal conductivity at very low temperatures which allows the efficient 

cooling of the sample. It has a poor high temperature conductivity, preventing the 

transfer of heat from the sample to the coldfinger. A tantalum rod with two arms is 

attached to each of the copper blocks, and heating wires made from 75% tungsten and 

25% rhenium are spot welded to the tantalum arms and to the back of the sample. The 

spot welding at the back of the sample is performed in the following way: first, thin 

tantalum foil is spot welded to the back of the sample, then the heating wires with a 

piece of tantalum foil above each of them are spot welded to the thin tantalum foil; 

finally, the thermocouple is spot welded to the edge of the tantalum foil and the heating 

wires are spot welded to the four horizontal arms of the tantalum rods. 

 

 

 

 

 

 

 

 

 

 

 



 

 

a)                                                                  

c) 

Figure 2.4 The sample mount photos

lateral cross section. 
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The sample mount photos and a schematic: a) front view; b) at the back of the sample
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2.5 Femtosecond laser system 

 The theory of the generation of femtosecond laser pulses is presented in Appendix A. 

The femtosecond laser system used for femtosecond LID experiments and for the 

generation of femtosecond XUV radiation consists of an oscillator (Coherent Micra) 

and a chirped pulse regenerative amplifier (Coherent Legend). Figure 2.5 shows a 

schematic diagram of the laser system. The oscillator produces pulses of 15 fs duration 

with 100 nm bandwidth and a pulse energy of 4 nJ at a repetition rate of 80 MHz. The 

chirped pulse regenerative amplifier has three parts: a stretcher, a regenerative amplifier 

and a compressor. It typically provides pulses of 40 fs duration with a pulse energy of 

2.5 mJ at a central wavelength of 790 nm. The repetition rate can be adjusted manually 

between 1 kHz and 10 Hz.  

 

 

a) 

 

b) 

Figure 2.5 a) Schematic of the drive laser system. b) Photo of the drive laser system. 
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2.5.1 Femtosecond oscillator 

Weak femtosecond laser pulses are generated by a modelocked oscillator (Coherent 

Micra), shown in detail in Figure 2.6. The Micra relies on Kerr lens modelocking 

(KLM) to generate broadband modelocked output pulses (see Appendix A for a 

description of KLM). The Micra system is pumped by the output of a frequency 

doubled Nd:YVO4 laser (Coherent Verdi). The broadband pulses are generated between 

two end mirrors: a highly reflective end mirror (HR1) and a partially reflective output 

coupler (OC). There are two paths of the fluorescence through the Ti:sapphire crystal, 

backwards and forwards, and they are shown in Figure 2.6 by red and black solid lines, 

respectively. The bandwidth can be adjusted, by changing the amount of the negative 

dispersion compensation, from 30 to 100 nm, together with tuning the slit. The central 

wavelength can also be adjusted by tuning the slit and the HR1 mirror. Neither of these 

adjustments were used in the experiments performed here. All of the experiments were 

performed with the slit fully opened. The HR4 mirror has a crucial part in starting the 

modelocking by introducing noise into the system. After the output coupler, a beam 

splitter sends the laser beam to the photodiode assembly that measures the power of the 

laser operating in a CW or modelocked mode. P is the power track mirror – it is a piezo 

driven mirror to maintain the optimum pump beam alignment into the oscillator, as 

measured by one of the photodiodes. 

 

 

 

 

 

 

 

 

 

 

Figure 2.6 Micra Ti:Sapphire oscillator optical schematic. Rod = Ti:Sapphire laser crystal;  

D1, D2 = curved cavity mirrors; HR1 = high reflectivity end mirror; HR2-HR5 = high reflectivity cavity 

folding mirrors; P = power track mirror; OC = output coupler; PR1 and PR2 = intracavity fused silica 

prisms; slit = intracavity slit; L1 = pump focusing lens; BS = beamsplitter; PD = fast and slow photodiode 

assembly. The end cavity mirrors are HR1 (100% mirror) and the output coupler. The two paths of the 

fluorescence are denoted by red and black lines. 

PD 

HR1 

P 

HR2 
L1 D1 rod

 
D2 

HR5 
HR3 

VERDI 

PR2 PR1 
HR4 OC BS L2 

slit 



2. Experimental apparatus and diagnostics for fs-LID 31 
 

2.5.2 Chirped pulse regenerative amplifier 

The pulses from the oscillator are sent into a chirped pulse amplification (CPA) 

system (Figure 2.7) which is pumped by a nanosecond Q-switched Nd:YLF laser 

(Coherent Evolution). 

 

Figure 2.7 Schematic diagram showing the optical layout of the Coherent Legend amplifier for the 

chirped pulse amplification system. Femtosecond pulses from the oscillator first enter the stretcher via 

mirrors M18-M20. After four passes, pulses are sent via mirrors M2 – M4 to the regenerative laser cavity. 

The regenerative laser cavity consists of a Ti:Sapphire crystal that is pumped from both sides by a 

frequency doubled Nd:YLF laser, two end mirrors (M6 and M8), two folding mirrors M5 and M7, two 

Pockels cells (PC1 and PC2) and a λ/4 waveplate. While in the resonator, the pulse experiences a gain of 

over 106. The pulse then enters the compressor part of the amplifier that consists of a diffraction grating 

and another set of mirrors M13-M15.  In the compressor, grating 2 induces a negative chirp to the pulse to 

compensate for the positive chirp induced by the stretcher. Figure taken from reference 1. 

 

 

 Femtosecond pulses from the oscillator first enter the stretcher. The stretcher consists 

of a diffraction grating, a gold mirror and a retroreflective mirror. The stretcher induces 

a positive chirp on the femtosecond pulses so that they are lengthened temporally to 

picosecond duration. After four passes, the pulses are sent to the regenerative laser 

cavity. The regenerative laser cavity consists of a Ti:Sapphire crystal that is pumped 

from both sides by the frequency doubled output of a nanosecond Nd:YLF laser, two 

end mirrors, two folding mirrors, two Pockels cells (PC1 and PC2) and a λ/4 waveplate. 

The Pockels cells and λ/4 waveplate are part of the optical switch. The femtosecond 

laser pulse enters the resonator by reflection off the laser window. The pulse passes 
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through PC1 and the λ/4 waveplate and is reflected by mirror M6 and retraces its path. 

The first Pockels cell also acts as a λ/4 waveplate, so it negates the effect of the first 

waveplate. After a number of round trips (usually about 20), the second Pockels cell 

switches on, causing a half-wave rotation to the pulse, and the pulse is ejected from the 

resonator by a polarizer. While in the resonator, the pulse experiences a gain of over 

106. The pulse then enters the compressor part of the amplifier that consists of a 

diffraction grating and a set of mirrors. In the compressor, the grating induces a negative 

chirp on the pulse to compensate for the positive chirp induced by stretcher.  

2.6 Temporal laser pulse profile 

 An ultrashort laser pulse is a very short burst of electro-magnetic energy. The pulse, 

like any light wave, is defined by its electric field as a function of space and time,  

E(x, y, z, t). In this section, the spatial portion of the electric field will be ignored. 2 The 

temporal dependence of the electric field of an ultrashort pulse can be described by 

Equation 2.1: 

  { }
1

( ) ( ) exp [ ( )]
2

E t I t i t tω φ= −  (2.1) 

where t is time, ω is the carrier angular frequency, and I(t) and φ(t) are the time 

dependent intensity and the phase of the pulse, respectively. The pulse field can also be 

defined in the frequency-domain as a Fourier transform of the time-domain field. In that 

case, instead of the intensity and temporal phase φ(t), there is a spectrum, S(ω), and 

spectral phase, ϕ(ω). 2 The temporal and spectral phases are usually expanded as Taylor 

series around the central time, t0, and the central frequency, ω0, respectively: 
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The linear chirp, )(ωϕ ′′ , in the frequency domain is called the group-delay dispersion 

(GDD). Group velocity dispersion (GVD) is usually expressed as the amount of GDD 

per unit length, usually measured in units of fs2/ mm. 2 The second and other higher 
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order terms are the result of passing an ultrashort pulse through any medium. The short 

pulse has a very large bandwidth, and the frequency dependence of the refractive index 

of a material over that wavelength range will produce a temporal stretch of the pulse (a 

chirp). 

 When the laser system generating the pulse is ideal (without a chirp), then the 

approximate duration of a pulse can be obtained from a spectral bandwidth 

measurement. The spectral bandwidth can be related to the minimum pulse duration by 

the time-bandwidth product, 

  .441.0≥∆∆ tν  (2.4) 

Together, the duration, t∆ , and the bandwidth, ν∆ , are the fundamental properties of 

the ultrashort pulse. Light frequency, ν is defined as the angular frequency, ω divided 

by 2π. The bandwidth is defined as the full-width at half maximum (FWHM) of the 

frequency–domain intensity profile, I(ν ), and the duration is defined as the FWHM of 

the time-domain intensity profile, I(t), of the pulse. The bandwidth for the laser system 

used in this thesis is 1.2×1013 Hz, which corresponds to a duration of 40 fs for an ideal, 

unchirped pulse. The true pulse duration straight out of the amplifier was measured by a 

single-shot autocorrelator (see below). In all experiments, the autocorrelation width was 

about 50-60 fs, indicating that the pulse is chirped. 

 Autocorrelation using a second harmonic generation (SHG) crystal is the simplest 

method for measuring a pulse duration of a femtosecond laser. In a SHG autocorrelation 

measurement, the pulse is overlapped with a delayed replica of itself (produced using a 

beamsplitter and an optical delay line) in a nonlinear crystal and a signal will be 

detected at twice the frequency of the input pulse frequency. The magnitude of the 

frequency doubled signal will be proportional to the square of the temporal overlap of 

the two pulses. Hence the resulting measure of SHG intensity as a function of time will 

give an indication of the duration of the input laser pulses. For a Gaussian pulse profile, 

the autocorrelation intensity signal has a FWHM that is √2 times the duration of the 

electric-field pulse. The typical spectrum of an ultrashort pulse, I(λ), and its temporal 

intensity, I(t), are shown in figures 2.8 and 2.9, respectively. 
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Figure 2.8 Spectrum of the amplified laser pulse. Assuming Gaussian shaped pulses (lines), one obtains a 

spectral FWHM of 25 nm.  

 
 

 
 
Figure 2.9 An autocorrelation trace obtained on an oscilloscope from the single shot autocorrelator. 

Assuming a Gaussian shaped pulse (line), one obtains a FWHM of 189 µs. The calibration factor is 0.417 

fs/µs, so the autocorrelated width is 79 fs, and the Gaussian pulse width is 56 fs.   

 

 

The pulse duration at the sample was not measured, but it was calculated roughly from 

Equation 2.5: 
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where the factor ϕ ′′  is a GDD that can be calculated from a literature value of GVD or 

is itself found in literature, t∆  is the initial time duration and newt∆  is the new time 

duration. 3 

 In this experimental set-up there were numerous materials through which the laser 

pulse passed: 5 m through air from the amplifier to the sample, 4 broadband 45˚ mirrors, 

a ½ achromatic waveplate made of quartz and MgF2, a polarising beam splitter, a pair of 

lenses (converging and diverging) and a fused silica window 2 mm thick.  GDD was 

calculated for almost all of them: air (100 fs2), ½ achromatic waveplate made of quartz 

and MgF2 (45 fs2), polarising beam splitter (140 fs2), and fused silica window 2 mm 

thick (72 fs2). Based on the above, a 56 fs pulse centred at 800 nm will be stretched to 

59 fs when passing from the amplifier to the sample, which is not significant. 

2.7 Beam waist measurement 

 For an accurate measure of the laser fluence, we require a measure of the laser pulse 

spatial profile. The intensity beam profile was measured by placing a knife blade on a 

translation stage and stepwise moving the blade through the beam. Behind the blade 

was a power meter which measured the power at each point from when the blade 

completely blocks the pulse to when the whole beam passes the blade. This process is 

performed in both the x and y directions. As the blade moves across the beam, the power 

changes from a maximum to zero, as shown in Figure 2.10. 

 

 

Figure 2.10 Changes in power as a knife blade moves through the beam in the x direction for the third 

sample mount. 
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 In order to obtain the intensity for a particular position in the x or y direction, the first 

derivative of the power with respect to x or y at that position needs to be taken. The step 

size of the translation stage is very small (133 µm) and is constant through the beam, so 

that the first derivative in this case is proportional to the power difference between the 

adjacent positions of a translation stage. The intensity distribution that results from the 

power distribution shown by Figure 2.10 is shown in Figure 2.11.  

 

 

Figure 2.11 Intensity as a function of the position across the beam in the x direction for third sample 

mount. It can be seen that the intensity distribution can be represented well by a Gaussian.  

 

 

From Figure 2.11 it can be seen that the intensity distribution is approximately 

Gaussian. The next step is to define the laser fluence. The laser fluence can be defined 

as the intensity at a particular point within the beam divided by the laser repetition rate. 

The relation between the laser fluence and the energy per pulse is the same as the 

relation between the laser intensity and the laser power.  

The average energy per pulse can be calculated from Equation 2.6: 

  
rate repetition

averageP
E =  (2.6) 

The intensity or fluence beam profile could be fitted by an elliptical Gaussian function, 

and the average fluence then follows from Equation 2.7: 
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where F(r) is the fluence spatial profile with x and y the spatial coordinates in the plane 

of the sample. x0 and y0 are the mean values, and together with a and b parameters can 

be calculated from the Gaussian fit. Parameters a and b are related to the standard 

deviation, σ: 
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 It was mentioned earlier in this Chapter (Section 2.4) that the design of the sample 

mount is such that it needs to be replaced every few months. For the experiments 

described in this thesis, three sample mounts were used for photodesorption 

experiments. A charge coupled device (CCD) beam profile camera was also used to 

measure the beam profile for the first two mounts. The camera was borrowed from 

Coherent inc, and was designed for nanosecond pulses. The femtosecond pulses in all 

experiments had an average energy per pulse of 1.5 mJ and a very high peak power so 

that the camera was easily saturated. The femtosecond laser pulses therefore had to be 

attenuated by a factor of more than 1000 times. This required using a combination of a 

waveplate and polarizing beam splitter and reflective neutral density filters. The a and b 

parameters required for the fluence calculations could be obtained from BeamView-

USB Analyzer software which gave a ∆x (∆y) value equal to twice the difference 

between the points (x0(y0) + a(b)) and (x0(y0) − a(b)). Hence, ∆x (∆y) is four times the 

parameter a or b, respectively. Figures 2.12 and 2.13 show the intensity profiles 

obtained by the knife edge method and the CCD beam profile camera. The 

measurements obtained by these two methods are within 10% of each other. 
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Figure 2.12 Intensity beam profile in x direction obtained by knife edge method. The parameter a is 

obtained from the Gaussian fit to the data: a = 487 ± 14. This figure represents the intensity beam profile 

for the first mount. 

 

 

 

 

Figure 2.13 The beam profile measured at 100 Hz by the CCD beam profile camera. ∆x is 1653 µm, ∆y 

is 4204 µm. These values are obtained for the first mount. 

 

 

Parameters a, b for sample mounts used in all the fs-LID experiments obtained by the 

knife edge method or by the CCD are shown in Table 2.1. 
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Table 2.1 Parameters a, b obtained for the three sample mounts used in all of the experiments performed 

in this thesis. Parameters are obtained using either the knife edge method or the beam profile CCD 

camera. Values presented have approximately 10%  error. 

 
Knife edge method CCD system 

Mount 1 a = 470 µm  a = 410 µm b = 103 µm  10 L CO (13CO) 

10 L NO 

4 L 13CO/ 2 L NO 

Mount 2 a = 330 µm   a = 380 µm b = 103 µm 2 L 13CO/ 2 L NO 

Mount 3 a = 280 µm b = 990 µm    2 L NO/ 2 L 13CO 

a = 410 µm  b = 990 µm    4 L NO/ 2 L 13CO 

(2, 4) L NO 

(2, 4) L 13CO 

 

2.8 Experimental techniques 

2.8.1 RAIRS  

 Reflection absorption infrared spectroscopy (RAIRS) is a powerful vibrational 

spectroscopic technique for studying adsorbates on metal surfaces. It allows 

identification of adsorbate species as well as giving information about binding 

geometry. The standard experimental set-up is shown in Figure 2.14. 4-6 

 

 

Figure 2.14 Schematic of RAIRS set up. Angle θ is nearly 90˚. 
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 Broadband infrared (IR) radiation is passed through an IR transparent window onto 

the sample surface at grazing incidence. The sample reflects the light, which is then 

directed onto a detector such as a mercury cadmium telluride (MCT) detector. 

 The IR spectrum of the adsorbate is recorded by monitoring the absorption of IR 

light reflected from the substrate. Vibrational excitation of the molecules is based on the 

interaction of the electromagnetic field of the incident infrared radiation with the dipole 

moment of the molecule. The spectrum is therefore produced in the form of ∆R/R vs 

wavenumber, where ∆R denotes the difference in reflectivity between the clean and 

adsorbate covered metal surface and R denotes the reflectivity of the clean metal 

sample. Grazing angles are required because of the metal surface selection rule (see 

below). Grazing incidence also increases the sensitivity as the path of infrared light 

through the adsorbing layer is increased by increasing the incidence. The s-polarized 

component of the electric field (perpendicular to the plane of incidence) reverses in 

phase upon reflection for all angles of incidence, so that the resultant field at the surface 

is approximately zero. The p-polarized component of light (parallel to the plane of 

incidence) changes very little in phase and the resulting local field is almost doubled. 

Consequently, the p-polarized component of light can interact only with vibrational 

modes that give rise to a change of the electric dipole perpendicular to the surface. 

Another way to look at the surface selection rule is to consider the response of the 

valence electrons of the substrate to vibrations of the adsorbate, as shown in Figure 2.15 

for a CO molecule on a surface. It can be seen that the polar CO molecule induces an 

image charge in the substrate. In the upright configuration, molecular and image dipoles 

re-enforce each other giving rise to strong IR absorption, but for a molecule that is 

aligned parallel to the surface the molecular and image dipoles cancel out, so there is no 

IR absorption in this case. 
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Figure 2.15 Illustration of the surface selection rules in terms of the molecular, µM and image, µ I  dipoles. 

Figure taken from reference 4. 

 

 

 The study of vibrational modes in the very low energy region, corresponding to 

adsorbate-substrate vibrations, is limited by the window materials available (for NaCl 

600 cm-1 and KBr 400 cm-1) and detectors that show inadequate sensitivity in this 

region. This means that attention is instead concentrated on the intrinsic vibrations of 

the adsorbate species in the range 600 cm-1-3600 cm-1. 4-6 

2.8.2 TPD 

 Temperature programmed desorption (TPD) involves monitoring of the desorption 

process as a function of temperature. Analysing TPD spectra may yield the activation 

energy of desorption and the relative and absolute (in combination with LEED) surface 

coverage. The experimental set up requires a method for heating the sample so that the 

heating rate is constant in time (resistive heating), monitoring the temperature of the 

sample (thermocouple), and a mass detector positioned close to the sample to detect 

desorbing species. The mass detector used for the TPD experiments was a quadrupole 

mass spectrometer (QMS) positioned so that the surface normal points to the ionisation 

volume of the QMS. The sample was linearly and uniformly heated by resistive heating. 
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During heating, the temperature, the partial pressure of the desorbing species and the 

time were all recorded. It was possible to record data for up to 5 masses in one 

experiment. 

 The rate of desorption can be described by the Polanyi-Wigner equation 4: 
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This equation relates the rate of the desorption (rdes) to the surface coverage (ϑ), pre-

exponential factor (ν), order of desorption (n), the temperature of the surface (Ts) and 

the energy of desorption (Edes). The order of desorption, n relates to the way the 

adsorbate molecule leaves the surface. In first order desorption, as the molecule is 

heated it leaves the surface in a one-step process. However, desorption is rarely this 

simple. Desorption usually occurs in combination with other surface processes such as 

diffusion, recombination of atoms at the surface or surface mediated reactions. These 

desorption processes are second or higher order. Equation 2.9 can be rewritten for first 

and second order desorption, where Tp is the temperature at which maximum desorption 

occurs, and β is the applied heating rate: 

  , (2.10) 

  . (2.11) 

These equations show that for first-order desorption, the position of the maximum 

desorption does not depend on surface coverage, while it shifts towards lower 

temperatures for second order desorption. 4-7 In the studies presented in this thesis, the 

pre-exponential factor was not known, therefore, as a first approximation to obtain the 

desorption energy for first order desorption, the Redhead equation 8 is used, 
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In Equation 2.12, ν is assumed to be 1013 s-1, which is the approximate frequency of the 

adsorbate-surface vibration. 
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