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1 Introduction

In analogy to the 20th century that is regarded as the ”century of the electron”, the
21st century is sometimes called the ”century of the photon” [1]. This view is justified
because the optical technologies are conquering our every day life in the form of displays,
projectors, optical data storage devices to name only a few examples. Especially the
laser is gaining more and more importance in medicine and industry as a tool for surgery,
and for material processing applications such as cutting and welding.

But light and lasers not only serve as tools, they have also been used to increase our
understanding of dynamical molecular processes. Molecular motion has to be studied
with a time resolution on the order of 100 femtoseconds (10−15 s), the actual time scale of
nuclear motion and the making and breaking of chemical bonds. Ultrafast laser sources
providing light pulses short enough to resolve these events were developed during the
last decades enabling the investigation of fast molecular processes. For his pioneering
work in the field of ”femtochemistry” on the transition states of chemical reactions using
femtosecond spectroscopy Ahmed Zewail was awarded the Nobel Prize in chemistry in
1999 [2]. From the ability to learn about the different steps in the course of chemical
reactions it is not very far to desire the control of chemical reactions by using ultrashort
laser pulses. However, for advancing from observation to control new methods and ideas
had to be developed. In order to selectively manipulate a quantum system to obtain
a desired outcome the electric field interacting with the quantum system has to be
modulated on the intrinsic time scale of the quantum mechanical processes in a specific
way dictated by the quantum system itself. Although almost arbitrarily shaped pulses
can be generated by using state of the art optical pulse shaping technology, the main
difficulty that one has to solve is which pulse shape is suitable to achieve the intended
goal. The large number of possible and accessible pulse shapes makes it impossible to
test all of them.

A seminal new approach to solve this problem was proposed by Judson and Rabitz
[3] in 1992. Inspired by biological evolution their idea involved a ”closed-loop” concept
in which direct experimental feedback from the quantum system is fed to a learning
algorithm that is used to adaptively optimize the shaped femtosecond pulses until an
optimal solution for the initially defined task is obtained. This methodology termed
”adaptive femtosecond quantum control” only requires experimental feedback, while a
priori knowledge about the molecular Hamiltonian is not necessary. The practicabil-
ity of this new technique has been demonstrated in many experiments. For instance
chemical bonds of molecules in the gas phase were selectively broken and the photoexci-
tation of molecular systems could be optimized. However, successful control over more
complicated rearrangement reactions in a molecular system or the selective formation of
chemical bonds has not been reported up to now.

The goal of this thesis is to bring quantum control closer to the realization of the

Daniel Wolpert: Quantum control of photoinduced chemical reactions (Diss. Univ. of Würzburg, 2008)



2 Introduction

dream to be able to selectively influence the formation of chemical substances by the
use of tailored femtosecond laser pulses. This has been pursued by taking two different
approaches. On the one hand, as most preparative chemistry is performed in the con-
densed phase because high enough particle densities leads to decent product yields, it
is necessary to transfer quantum control to the liquid phase. So far only control over
photoexcitation [4, 5], -deexcitation [6] and isomerization [7] has been demonstrated by
our group. The next step is the selective manipulation of more complicated molecular
rearrangement reactions including dissociation leading to photoproducts with an altered
atomic composition. Therefore the photo-induced Wolff rearrangement of a diazonaph-
thoquinone (DNQ) compound has been investigated by the use of shaped femtosecond
laser pulses. For this experiment ultrafast vibrational spectroscopy was applied to mon-
itor the outcome of the reaction. On the other hand, the selective laser-induced forma-
tion of chemical bonds has not been reported up to now. Starting from atoms and small
molecules adsorbed on a metal surface, the formation of molecular bonds by interaction
with specifically tailored laser pulses is shown in the second part of this thesis. The
organization of this thesis is then as follows.

First of all, the theoretical concepts underlying this thesis are briefly described in
Chapter 2, including an introduction to the concepts of quantum control, the mathe-
matical description of femtosecond laser pulses and the nonlinear processes that are ex-
ploited at different points of this work. Furthermore, the fundamentals of the electronic
structure and vibrations of polyatomic molecules and an introduction into ultrafast vi-
brational spectroscopy are provided for a better understanding of the spectroscopic sig-
nals observed and relevant to this work. Chapter 3 deals with the experimental methods,
especially the pulse shaper and spectroscopic means for the detection of the light-matter
interaction outcome employed for the realization of quantum control. A setup for the
generation of ultrashort pulses in the mid-infrared was built within the scope of this work
to perform time-resolved vibrational spectroscopy. Since it is the first time that a pump-
probe signal in the mid-infrared is used in the context of quantum control a more detailed
description of the experimental setup is provided in Chapter 4. The molecular system
chosen for the demonstration of this concept - a diazonaphthoquinone compound, per-
forming a photoinduced Wolff rearrangement which is important for photolithographic
applications - is studied in great detail by using visible, steady state and time-resolved
infrared spectroscopy together with quantum chemical calculations in Chapter 5. Open-
loop and closed-loop control schemes are employed in Chapter 6 with the aim to increase
the Wolff rearrangement photoproduct yield of diazonaphthoquinone.

Furthermore it is shown in Chapter 7 that reactions between the small reactant
molecules hydrogen and carbon monoxide on a catalyst metal surface can be induced by
femtosecond laser pulses providing the energy necessary to form several different product
molecules. These reactions are systematically studied by variations of important param-
eters such as reactant molecules, catalyst metal and laser properties. The outcome
of these reactions is then selectively optimized in Chapter 8 by adaptive femtosecond
quantum control demonstrating that photoselectivity over different bond-forming reac-
tion channels can be achieved with tailored femtosecond laser pulses. These experiments
represent the first application of quantum control to a surface reaction. Finally a sum-
mary is given in Chapter 9
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2 Theoretical concepts

The subject presented in this thesis is the selective control of photoinduced chemical
reactions with femtosecond laser pulses. In this work it will be shown how the outcome
of chemical reactions can be steered into a desired direction by the application of suitably
shaped electric fields. This concept is called ”quantum control”, or ”coherent control”.
The fundamental concepts used in quantum control are introduced in Section 2.1 . In
the following a mathematical description of femtosecond laser pulses, the basic tool for
quantum control, is given (Section 2.2). Frequency conversion by utilization of nonlinear
effects is important when ultraviolet or infrared wavelengths are needed for exciting or
probing molecular dynamics and the outcome of a chemical reaction. The underlying
theory is briefly outlined in Section 2.3. The last two sections of this chapter deal
with the electronic structure and vibrations of molecular systems (Section 2.4) and the
technique of ultrafast infrared spectroscopy (Section 2.5), which is employed in parts of
this work to investigate an ultrafast chemical reaction.

2.1 Quantum control

Traditionally, in chemistry the outcome of chemical reactions can be influenced and
controlled within certain boundaries by changing the macroscopic variables temperature,
concentration and pressure. This aims at shifting the chemical equilibrium between
reactants and products towards the desired direction. The use of appropriate catalysts
can exploit molecular properties to influence a chemical reaction. However, general
control over the microscopic reaction pathways is not achievable by application of these
methods.

In conjunction with the above considerations, light can be a new means of starting
a chemical reaction and altering the outcome by overcoming barriers leading to new
reaction pathways, that otherwise would not be accessible. One of the first approaches
was to adjust the spectrally narrow radiation of a laser to a local vibrational mode of
a particular chemical bond to selectively excite this mode to achieve dissociation [8, 9].
Unfortunately, for the majority of molecules this concept fails, because the deposited
energy does not stay localized in the selected mode. Due to couplings between molec-
ular modes the energy is redistributed to other molecular modes. This process, called
intramolecular vibrational energy redistribution (IVR) effectively leads to the loss of se-
lectivity [10–12] and the net effect of the laser excitation is heating the entire molecule.
Already for isolated molecules in the gas phase IVR is present, and for molecules in the
liquid phase many more redistribution channels due to interaction with other molecules
and with the solvent exist.

However, a different approach exploiting the coherence properties of laser radiation
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4 Theoretical concepts

ψ1 ψ1'

ω0

ω0 3ω0

ω0

,
a) c) d)

pump
Stokes

ψ ''

ABC

ABC*

AB + C
A + BC

t0 t1
t2

ψ'

ψ0

ψ1
i

ω0

ω0

ω−

ω+

ω0

3ω0

0

ω0

0

2ω0

2ω0

ψ0spectrum

ω

ω

spectrum

b)

ψ1

ψ3

ψ2

ψloss

pump
Stokes

time

Figure 2.1: Quantum control concepts. a) The Brumer-Shapiro method stresses the quantum
mechanical interference between the different pathways connecting the initial state |Ψ0〉 to the
energetically degenerate final states |Ψ1〉 and |Ψ′

1〉. By changing the relative phase of the
lasers at the frequencies ω0 and 3ω0 control over the final state populations is possible. b) For
two-photon excitations with broadband laser pulses, many combinations of frequencies lead to
2ω0. The spectral phase determines how much population ends up in the excited state. c) In
the Tannor-Kosloff-Rice pump-dump scheme, the pump pulse initiates wavepacket motion on
the excited potential energy surface. A correctly timed dump pulse can transfer the system to
the desired final state. d) The STIRAP scheme uses a two-pulse sequence to couple the states
of a Λ-type system in such a way, that complete population transfer to the final state |Ψ3〉 is
achieved.

has led to a variety of control concepts and the emergence of the field of ”quantum con-
trol” or ”coherent control”. The goal is to transform a given initial quantum mechanical
wavefunction into a desired target wavefunction through the coherent (i.e. phase pre-
serving) interaction of the system with the appropriate electric fields. Control over
the reaction product distribution is achieved by using constructive interference and de-
structive interference between different reaction pathways for obtaining the favored and
suppressing unwanted products.

2.1.1 Single parameter concepts

Three different concepts can be distinguished from a historical perspective, although they
only look at the quantum control problem from different perspectives, e.g. the frequency-
domain or the time-domain, and all of them rely on quantum mechanical interference
effects. The scheme that was proposed by Brumer and Shapiro in 1986 [13–17] stresses
interference in the frequency domain. In a quantum system the initial state |Ψ0〉 and
energetically degenerate final states |Ψ1〉 and |Ψ′

1〉 can be coupled via one photon with
energy 3�ω0 or three photons with energy �ω0 (see Fig. 2.1a). The relative phase between
the two excitation lasers at frequencies ω0 and 3ω0 determines the population in the
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2.1 Quantum control 5

final states |Ψ1〉 and |Ψ′
1〉 through constructive or destructive interference of the two

pathways. Thus, modulation of the relative phase enables control over the final state
population. But in addition there has to be a molecular phase lag [18–20] between
the two different pathways, a system-inherent property, that is determining the degree
of control. For achieving constructive interference for one and destructive or at least
partially destructive interference for the other reaction channel both the molecular phase
and the relative phase of the laser fields have to be taken into account. The realization
of the Brumer-Shapiro control concept was shown in 1990 [21] for atoms and later also
for small molecules [22, 23]. Within the broad spectrum of a femtosecond laser pulse
many frequency combinations can contribute to multiphoton excitations (Fig. 2.1b) and
the interference of these many pathways can be controlled by the manipulation of the
spectral phase. The experiments and theoretical calculations of the group of Silberberg
on two-photon excitation of Cs atoms demonstrate that certain ”dark pulses” can be
found, that do not excite the atom at all [24, 25].

A different approach, proposed by Tannor, Kosloff and Rice [26–29] can be more
intuitively understood in the time-domain. It is illustrated in Fig. 2.1c. A femtosecond
laser pulse (pump pulse) excites a molecular system ABC from the ground state to an
electronically excited potential energy surface (PES) ABC* at time t0. On this PES
a vibrational wavepacket is then created by coherent superposition of the vibrational
eigenstates. The wavepacket evolves in time according to the shape of the PES and can
reach different molecular configurations at different times t1 and t2, that are connected
with different dissociation product channels AB + C or A + BC. An appropriately
timed second femtosecond laser pulse (dump pulse) can transfer the population back to
the ground state to reach the desired reaction product channel |Ψ′〉 or |Ψ′′〉. Therefore,
this method is called ”pump-dump-control”. One also has to keep in mind, that not
only the delay time between the pump and dump pulses, but also the wavelengths
have to be chosen correctly to fit the energy difference between the involved potential
energy surfaces of the investigated molecule. The applicability of this technique was first
demonstrated in the groups of Gerber and Zewail [30–32] in the early 1990s.

The third control scheme makes use of adiabatic passage techniques [33, 34], which
enable complete population transfer in a three-state Λ-type quantum system. In stim-
ulated Raman adiabatic passage (STIRAP), the levels |Ψ1〉, |Ψ2〉 and |Ψ2〉, |Ψ3〉 are
coupled by two laser pulses, called pump and Stokes pulse. Complete population trans-
fer can be achieved by slightly overlapping pulses but counterintuitive pulse ordering,
meaning the Stokes pulse arrives before the pump pulse (see Fig. 2.1d). Experimentally
this pulse sequence can be either realized by time delayed pulses or spatially separated,
slightly overlapping cw-laser fields, so that particles crossing the laser beams experience
a sequence of two laser fields. It can be shown, that the population in the intermediate
state |Ψ2〉 remains zero throughout the experiment, which avoids population decay to
unwanted channels |Ψloss〉.

The quantum control schemes discussed so far work with the variation of only a single
parameter such as the relative phase of two laser fields or the delay time of two laser
pulses. A more general approach would be to include more than one variable in order
to achieve better control results. This was already suggested by Tannor and Rice in
1985 [26]. In principle the wavepacket, formed after excitation with an ultrashort laser
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6 Theoretical concepts

pulse could be guided by a specifically shaped pulse all the time during its evolution on
the excited state potential energy surface. Thus, the wavepacket would not propagate
freely, as governed by the shape of the energy surface, but its motion would constantly
be adjusted through the interaction with the light field, leading to an optimized reac-
tion outcome. Higher-lying potential energy surfaces could be included in the process
of finding the best pathway. To solve the problem of many-parameter quantum control
and finding the appropriate electric fields for the desired goal, the concept of optimal
control theory was developed by Rabitz and coworkers [35, 36] as well as Kosloff and
coworkers [37] and also other groups [38–40]. Comprehensive introductions to the field,
including a mathematical treatment of optimal control theory and other optimization
schemes can be found in Refs. [28, 29]. The quantum-mechanical equations of motion
form the basis of the optimization schemes in optimal control theory. Therefore, the
molecular Hamiltonian and the shape of the PESs have to be known to a sufficiently
accurate degree. This is only the case for small molecular systems, where exact cal-
culations can be performed with acceptable accuracy and numerical effort. In larger
systems more degrees of freedom are involved and the complexity and dimensionality
of the PESs increases, which makes precise theoretical calculations a very difficult task.
In addition, it might be difficult to generate the calculated optimal control fields in an
experiment due to limitations of the pulse shaping process or the spectral and temporal
characteristics of the laser pulses at hand. As a consequence, the approach to calculate
the needed control fields and subsequent application in an experiment is in general not
feasible. A more general method for the control of complex molecular systems under
laboratory conditions is necessary.

2.1.2 Adaptive quantum control

In their pioneering work ”Teaching lasers to control molecules” from 1992 Judson and
Rabitz [3] suggested a seminal scheme, that circumvents the above discussed problems,
concerning the calculation and experimental implementation of optimal electric fields.
A closed-loop setup is employed, in which the optimal pulse shape can be obtained by an

Figure 2.2: Closed-loop quantum con-
trol. A control objective is assigned to a
learning algorithm, which then finds the
optimal electric field for the control ob-
jective. This is achieved by generation
of electric fields E(t) with a computer-
controlled pulse shaper and direct detec-
tion of the fields’ impact on a quantum sys-
tem. This information is then used as feed-
back for the algorithm, which iteratively
improves the electric field until the opti-
mum is reached.

 pulse 
shaper

learning
algorithm

quantum
 system

detector

   modified 
E(t)

 

E(t)signal

feed-
back
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2.2 Mathematical description of femtosecond laser pulses 7

iterative procedure, where the experimental output is included in the optimization pro-
cess without the need for a-priori knowledge of the molecular Hamiltonian (Fig. 2.2). A
quantum system is excited by a series of differently shaped laser pulses. The experimen-
tally measured outcome (e.g. photoproduct yield) of the photoinduced reaction is then
evaluated by a learning algorithm with respect to the defined control objective. Hence,
during the optimization the learning algorithm tests other pulse shapes and so the shape
of the electric field is improved step by step to achieve the control goal. Common terms
for this concept are ”adaptive femtosecond quantum control”, ”optimal control exper-
iment” or ”closed loop control”. The electric field, that provides the best result for a
defined control goal is called the optimal pulse. The optimal control approach is in fact
the most general realization of the coherent manipulation of light-matter interaction,
as it includes in principle all single parameter scenarios, like pump-dump and others.
Many of these effects may be utilized by the learning algorithm during the optimiza-
tion to find the best pulse shape. As a consequence, in the multi-parameter control
scheme the underlying control mechanism is very often not revealed. This is sometimes
called the problem of inversion [41] and remains a big challenge for experimentalists and
theorists in the field of optimal control.

By now the optimal control concept has found many applications in physics, chem-
istry and biology. Some of them aim at optimizing the properties of the laser field itself,
like the adaptive compression of femtosecond laser pulses [42–47], the subwavelength
distribution of nanoscopic optical near-fields [48], the polarization state of ultrashort
laser pulses [49, 50] or nonlinear processes like the generation of high harmonics [51–57].
The adaptive optimization of chemical reactions represents the most important applica-
tion. In the gas phase, molecular photodissociation [41, 58–67], rearrangement [61] and
isotope-selective ionization and fragmentation reactions of dimers [68–72], to name only
a few were optimized by the application of optimally shaped pulses. In the condensed
phase, optimal control was among others applied to processes like fluorescence [5, 73–79],
photochemical discrimination of molecules [4] and most recently photoisomerization re-
actions [6, 7, 80–84]. Many comprehensive reviews exist which deal with different fields
of application [51, 85–92].

2.2 Mathematical description of femtosecond laser
pulses

The basic tool in ultrafast spectroscopy for investigating fast molecular processes and in
the field of optimal control for the control of chemical reactions are femtosecond laser
pulses. These pulses consist of many electromagnetic waves with different oscillation
frequencies. Superposition of these waves produces a beat pattern at a given point
in space only during a short time interval with a duration of typically some tens of
femtoseconds. A mathematical description of their spectral and temporal properties
will be given in the following section (Section 2.2.1). For every application of ultrashort
laser pulses, in addition the spatial properties are of practical relevance. Thus, the spatial
propagation through media (Section 2.2.2) and laser beam properties (Section 2.2.3) will
be discussed.
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The electromagnetic fields E(t, r) that will be considered in the following have to obey
the inhomogeneous wave equation, which in spatially uniform and nonmagnetic media
takes the form [93]

−∇×
(
∇×E(t, r)

)
− 1

c2
∂2

∂t2
E(t, r) = µ0

∂2

∂t2
P(t, r) , (2.1)

where c = 1/
√
ε0µ0 is the vacuum velocity of light, and µ0 and ε0 are the magnetic

permeability and the permittivity of vacuum, respectively. The induced dielectric po-
larization P(t, r) describes the interaction of the external electric field and the medium.
Both quantities, the electric field as well as the dielectric polarization depend on space
and time. For this thesis, only cases where E(t, r) can be separated into a function u+(r)
containing the spatial beam profile of the pulse, and a term E+(t, z) which describes the
temporal structure and the propagation along the z-axis, as well as the polarization state
of the electric field will be regarded:

E(t, r) ∝ u+(r)E+(t, z) + c.c. , (2.2)

where the expression c.c. stands for the complex conjugate of the preceding terms.

2.2.1 Description in the time and frequency domain

For the description of the temporal and spectral properties of ultrashort laser pulses in
this section, only the time dependence of the electric field E+(t, z) is considered, since
the discussion can be limited to a fixed point in space. Also the vectorial properties of
the field will be neglected for now. The electric field can be discussed in either the time
domain or analogously in the frequency domain, related by the Fourier transformation
(denoted by F):

E(ω) =
1√
2π

∞∫
−∞

E(t) e−iωtdt = F
{
E(t)

}
. (2.3)

The inverse Fourier transform (denoted by F−1)

E(t) =
1√
2π

∞∫
−∞

E(ω) eiωtdω = F−1
{
E(ω)

}
. (2.4)

returns the electric field E(t) in the time domain. Since E(t) is a real-valued quantity,
the symmetry relation

E(ω) = E∗(−ω) , (2.5)

where the star indicates complex conjugation, is valid for the electric field in the spectral
domain. Therefore, a reduced description, which takes only the contributions at positive
frequencies into account is sufficient to fully characterize the electric field:

E+(ω) =

{
E(ω) if ω ≥ 0 ,

0 if ω < 0 .
(2.6)
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2.2 Mathematical description of femtosecond laser pulses 9

This expression can be separated into a real-valued spectral amplitude (or envelope)
function A(ω) and an exponential term containing the spectral phase function Φ(ω):

E+(ω) = A(ω) e−iΦ(ω) . (2.7)

It is often useful to expand the phase into a Taylor series. The spectral amplitude is
usually centered around the carrier frequency (center frequency) ω0, so the expansion is
most conveniently performed according to

Φ(ω) =

∞∑
j=0

bj
j!

(ω − ω0)
j , (2.8)

with the spectral phase coefficients

bj =
djΦ(ω)

dωj

∣∣∣
ω=ω0

. (2.9)

The zeroth-order coefficient is a constant phase term, called the absolute phase b0,
while the coefficient of first order is equivalent to a translation of the laser pulse in the
time domain. The higher order coefficients are responsible for changes in the temporal
structure of the pulse.

The electric field E+(ω) is connected to its Fourier counterpart E+(t) by the relations:

E+(ω) = F
{
E+(t)

}
, (2.10)

E+(t) = F−1
{
E+(ω)

}
. (2.11)

For E+(ω) it is therefore sufficient to restrict the temporal electric field E+(t) to the
complex-valued function

E+(t) = A(t) eiΦ(t) , (2.12)

which comprises the real-valued temporal amplitude A(t) (the envelope of the electric
field) and the temporal phase function Φ(t). In the same fashion as for the spectral
phase, the temporal phase can be expressed in a Taylor expansion around time zero
t = 0

Φ(t) =
∞∑
j=0

aj
j!
tj , (2.13)

with coefficients aj defined as

aj =
djΦ(t)

dtj

∣∣∣
t=0

. (2.14)

The zero order expansion coefficient a0 describes a constant phase, also called absolute
phase or carrier-envelope phase, and can be understood as the relation of the pulse
envelope A(t) with respect to the underlying oscillation. The first order coefficient a1 is
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identical to the carrier frequency ω0 of the pulse. Therefore this linear oscillation term
can be separated from the higher order contributions described by the function

ϕ(t) = Φ(t) − ω0t . (2.15)

That leads to an expression for the temporal electric field with a complex amplitude
function Â(t), that can be written as

E+(t) = A(t)ei ϕ(t) × eiω0t = Â(t) eiω0t . (2.16)

This separation into envelope and carrier frequency is often used to simplify calculations
of the temporal evolution or spatial propagation, but is only valid as long as the complex
amplitude Â(t) does not change by much within one optical cycle T=2π/ω0. That
means, that this so-called slowly-varying-envelope-approximation (SVEA) can be used
for all but very short pulses consisting of only a few optical cycles. The SVEA can be
applied in all experiments discussed in this thesis.

Another important quantity used in the description of femtosecond laser pulses in the
time space is the momentary or instantaneous frequency. It is defined as the derivative
of the temporal phase with respect to time [93])

ωm(t) =
dΦ(t)

dt
= ω0 +

dϕ(t)

dt
. (2.17)

It is becoming obvious, that the reduced phase function, obtained with the SVEA de-
scribes the deviation of the actual momentary oscillation frequency from the center
frequency ω0. Pulses for which the momentary frequency ωm(t) is constant in time are
called unchirped. This is the case, when aj = 0 for all j ≥ 2 in the Taylor expansion
of the temporal phase. If ωm(t) is increasing in time (i.e., dωm(t)/dt > 0), the pulse is
said to be up-chirped, while one speaks of down-chirped pulses if ωm(t) is decreasing in
time (i.e., dωm(t)/dt < 0). The special case of a2 �= 0 and aj = 0 for all j ≥ 3, is called
linear chirp, because the momentary frequency changes linearly with time.

The connection from the reduced field E+(t) to the full electric field E(t) can be
established by the expression

E(t) = 2A(t) cos(Φ(t)) = A(t) eiΦ(t) + c.c. = E+(t) + E−(t) . (2.18)

Another important quantity is the temporal intensity I(t). In the time domain it is
defined as the average of E2(t) over one oscillation period

I(t) = coε0n
1

T

t+T/2∫
t−T/2

E2(t′)dt′ = 2coε0nA(t)2 . (2.19)

The above equivalence is only true as long as the SVEA is valid. The spectral intensity
can be written in analogy to Eq. (2.19) as

I(ω) = 2coε0nA(ω)2 . (2.20)
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Figure 2.3: Temporal electric field of femtosecond laser pulses with a Gaussian-shaped spec-
trum centered around 800 nm (ω0=2.35 rad/fs) with a FWHM of 150 nm (∆ω=0.445 rad/fs).
a) bandwidth-limited pulse with Φ(ω)=0. b) up-chirped pulse with Φ(ω) = 1

2 b2 (ω − ω0) with
b2=50 fs2. The up-chirp becomes apparent in the decreasing oscillation period of the electric
field.

Additional useful parameters in the description of femtosecond laser pulses are the pulse
duration ∆t and the spectral bandwidth ∆ω. They are usually defined as the full width
at half maximum (FWHM) of the respective intensity distributions

∆ω = FWHM{I(ω)} , (2.21)

∆t = FWHM{I(t)} . (2.22)

Only if the intensity profiles have well defined shapes, such as Gaussian or sech2 this
is meaningful. Both parameters are not independent of each other, because the Fourier
transform connects time and frequency space. The product of the pulse duration and
spectral bandwidth, as defined in the above Eqs. (2.21) and (2.22) is called the time-
bandwidth product ∆ω∆t and represents a lower limit

∆ω∆t ≥ 2πcB , (2.23)

depending on the exact shape of the intensity profiles. The constant cB is for example
4 ln(2)/(2π) = 0.441 for a Gaussian spectral distribution, while it is cB = 0.315 for a
sech2-shaped spectrum. A pulse that exactly reaches this lower limit is called bandwidth-
limited, Fourier-limited or transform-limited.

The temporal electric field of a Gaussian-shaped spectral distribution centered around
800 nm (ω0=2.35 rad/fs) with a FWHM of 150 nm (∆ω=0.445 rad/fs) is shown in
Fig. 2.3. For zero spectral phase (all bj are equal to zero) this results in the bandwidth-
limited 6.2 fs pulse depicted in Fig. 2.3a. When quadratic spectral phase (Φ(ω) =
1
2
b2 (ω − ω0) with b2=50 fs2) is applied, a linearly chirped pulse with linearly rising

momentary frequency which is elongated in time is obtained (Fig. 2.3b). This is reflected
in the decreasing oscillation period of the electric field.
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2.2.2 Spatial propagation and material dispersion

While in the last section only the temporal and spectral properties of femtosecond laser
pulses were discussed, this section deals exclusively with the propagation properties of
femtosecond laser radiadion and the implications, when travelling through matter. In
general material dispersion leads to the result, that the phase of the pulses is altered by
the traversed medium. For now the spatial beam profile u+(r) in the complete electric
field in Eq. (2.2) is again not considered (i.e., a plane wave is assumed), so that the wave
equation (2.1) can be written as

( ∂2

∂z2
− 1

c2
∂2

∂t2

)
E(t, z) = µ0

∂2

∂t2
P (t, r) . (2.24)

Together with the linear relation between the polarization and the electric field, con-
nected by the dielectric susceptibility χ(ω) as known from classical electrodynamics,
here written in the spectral domain

P (ω, z) = ε0χ(ω)E(ω, z) , (2.25)

and Eq. (2.25) and the Fourier transform of Eq. (2.24) the wave equation can be ex-
pressed as

( ∂2

∂z2
+
ω2

c2
[1 + χ(ω)]

)
E(ω, z) = 0 . (2.26)

Solutions for this equation are the traveling waves

E(ω, z) = E+(ω, 0) e−i k(ω) z + c.c. = E+(ω, z) + E−(ω, z) , (2.27)

in which the wavevector

k =
ω

c
ñ(ω) , (2.28)

pointing to the z-direction contains the complex index of refraction

ñ(ω) = n(ω) − iκ(ω) =
√

1 + χ(ω) . (2.29)

The real part n(ω) describes refraction and dispersion, and the imaginary part κ(ω) is
responsible for loss or gain in the medium.

In resemblance to the time domain, the rapid oscillations in space ∝ e−ik0z can be
factored out by [93]

E+(ω, z) = E+(ω, 0) e−i k(ω) z = E+(ω, 0) e−i δk z × e−i k0 z , (2.30)

with k0 = n(ω0)ω0/c and δk given by a Taylor expansion

δk =

∞∑
j=1

1

j!

djk

dωj

∣∣∣
ω=ω0

(ω − ω0)
j . (2.31)
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2.2 Mathematical description of femtosecond laser pulses 13

Under the assumption that the SVEA is valid, which means that the envelope of the pulse
is not changing significantly while traveling a distance comparable with the wavelength
λ0 = 2π/k0, the electric field can be described by introducing a complex amplitude
function

Â(ω, z) = E+(ω, 0) e−i δk z = A(ω, 0) e−iΦ(ω,0)e−i δk z = A(ω, 0) e−iϕ(ω,z) (2.32)

that comprises the reduced phase term ϕ(ω, z).
As a consequence, a pulse traveling through a dispersive medium of length L with

index of refraction n(ω), acquires a spectral phase modulation according to

Φ(ω, L) = Φ(ω, 0) + k L = Φ(ω, 0) +
ω n(ω)L

c
. (2.33)

The additional contribution due to propagation has to be included in the Taylor expan-
sion (2.8) of the spectral phase, so that the coefficients bj of Eq. (2.9) become

bj =
djΦ(ω, L)

dω j

∣∣∣
ω=ω0

=
djΦ(ω, 0)

dω j

∣∣∣
ω=ω0

+
L

c

(
j
∂ j−1n(ω)

∂ω j−1
+ ω

∂ jn(ω)

∂ω j

)∣∣∣
ω=ω0

. (2.34)

In vacuum, i.e., n(ω)=1 for all frequencies, only the zero-order and the first-order co-
efficients would be affected and experience a change by k0L and by L/c, respectively.
This means, that a constant phase k0L is added and the pulse’s maximum is temporally
shifted by ∆t=L/c due to propagation from the position z=0 to z=L.

When propagating in a dispersive medium on the other hand, the first-order coefficient
becomes

b1 =
dΦ(ω, 0)

dω

∣∣∣
ω=ω0

+
L

c

(
n+ ω

dn(ω)

dω

)∣∣∣
ω=ω0

=
dΦ(ω, 0)

dω

∣∣∣
ω=ω0

+
L

vg(ω0)
, (2.35)

where the group velocity

vg(ω0) =
( dk
dω

∣∣∣
ω=ω0

)−1

(2.36)

describes the actual velocity of the pulse envelope in the dispersive material, and the
group delay

τg(ω0) =
L

vg(ω0)
(2.37)

is the time it takes the pulse to propagate through the medium.
The second-order coefficient includes the contribution

L

c

(
2
∂n(ω)

∂ω
+ ω

∂ 2n(ω)

∂ω 2

)∣∣∣
ω=ω0

=
dτg(ω)

dω

∣∣∣
ω=ω0

(2.38)

which is termed group-delay dispersion (GDD) and has a linear dependence with respect
to the traversed distance in the medium. Therefore, by cancellation of L in Eq. (2.38) a
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characteristic property of the dispersive material is obtained, the so-called group-velocity
dispersion (GVD) parameter [93]

GVD =
1

c

(
2
∂n(ω)

∂ω
+ ω

∂ 2n(ω)

∂ω 2

)∣∣∣
ω=ω0

=
d
(

1
vg(ω)

)
dω

∣∣∣
ω=ω0

. (2.39)

The discussion in Sec. 2.2.1 showed that a spectral phase coefficient b2 �=0 leads to
linear chirp. Thus, the GVD parameter is a measure for the amount of linear chirp
introduced by a dispersive material. Higher order coefficients are likewise responsible
for higher order material dispersion, which results in more complicated distortion of
the pulse. In practical applications, especially when working with broadband pulses,
material dispersion leading to pulse broadening and phase modulation has to be taken
into account.

2.2.3 Spatial beam properties

So far, only plane waves with infinite transverse beam diameter have been regarded as
the solution of the wave equation. In reality this is incorrect and physically not mean-
ingful, since such a wave would carry infinite energy. In the paraxial approximation, the
transverse beam diameters are small compared to typical beam traveling distances. Solu-
tions to this paraxial wave equation are, among others, Gaussian beams with transverse
profiles given in Cartesian coordinates by

u+(r) = u0
1√

1 + z2/z2
0

e−iψ(z) eik(x
2+y2)/2R(z) e−(x2+y2)/w2(z) (2.40)

if the beam has a waist of radius w0 at the position z=0. The parameters introduced in
Eq. (2.40) are visualized in Fig. 2.4. The quantity

z0 =
πw2

0

λ
, (2.41)

is called the Rayleigh range. It is a measure of the length of the waist region, because
it describes the propagation interval after which the spot size

w(z) = w0

√
1 + z2/z2

0 (2.42)

has increased by a factor of
√

2 with respect to the beam waist w0. A beam is called
collimated, if the beam diameter does not change significantly over the distances of
interest, i.e., if these are smaller than the Rayleigh range.

The first phase term in Eq. (2.40) is called Guoy phase [95, 96]

ψ(z) = arctan(z/z0) . (2.43)

It changes only significantly in the vicinity of the beam waist, leading to an additional
π phase shift of any beam propagating through a focus. In the second phase term the
radius of curvature

R(z) = z + z2
0/z , (2.44)

Daniel Wolpert: Quantum control of photoinduced chemical reactions (Diss. Univ. of Würzburg, 2008)



2.3 Frequency conversion 15

zz

w(z)

z0-z0

w0

z=0

β
2 w0√2 w0√

r R>0R<0

R = ∞

r

intensity

Figure 2.4: Propagation of a Gaussian beam. On the left, the intensity distribution of the
lowest-order Gaussian beam is shown (gray solid) as a function of the transverse distance r
from the axis. On the right, the propagation of the beam through a waist at z=0 is shown. The
black hyperbolic lines mark the distances w(z) from the axis where the electric field amplitude
has dropped to a factor of 1/e with respect to the on-axis value. While at z=0, the waist
w(0)=w0 is smallest, it has reached a value of w(z0)=

√
2w0 at the Rayleigh range z0. The

wavefront and its radius of curvature R(z) are indicated by the dotted gray lines. In the far-
field limit, R(z) is equal to z, and the beam size increases linearly with the travelled distance,
as is indicated by the dashed lines, which also denote the divergence angle β [94].

is contained, which is equivalent to the curvature of a spherical wave originating from
the spot z=0. For large distances from the beam waist it becomes R(z) ≈ z, and the
divergence angle β can be approximated with β ≈ w(z)/z, leading to the expression

w(z) ≈ zλ

πw0

(2.45)

for the spot size. If the spot size w(f) is known for an incoming collimated beam at the
position of a lens, the focal beam waist is

w0 ≈
fλ

πw(f)
. (2.46)

This rough estimate is very useful for practical applications, when the diameters of
overlapping beams have to be matched or adjusted in a specific way. This is often the
case in nonlinear frequency mixing processes for laser pulse characterization or for the
generation of ultrashort pulses in other frequency regions, which will be discussed in the
next section.

2.3 Frequency conversion

Femtosecond laser pulses are commonly generated in the solid state material Titanium-
Sapphire (Ti:Sa) and operate in the near-infrared region around 800 nm. However,
for many experiments other wavelengths towards the ultraviolet, visible or mid-infrared
are required for exciting and probing the molecular system to be studied. This can be
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achieved by utilizing nonlinear optical processes (Section 2.3.1). The conditions under
which efficient frequency conversion can be achieved are discussed in Section 2.3.2, and
examples of frequently used nonlinear processes are given in Section 2.3.3.

2.3.1 Nonlinear polarization

When ultrashort laser pulses, having high enough intensities, propagate through a
medium it is not sufficient to describe the response of the medium in the linear regime
only, due to to the nonlinearity of the electron binding forces within the atoms at high
field intensities. The nonlinear dependence of the polarization on the electric field can
be expressed as

P (ω) = ε0

∞∑
j=1

χ(j)E(ω)j , (2.47)

with the dielectric susceptibilities χ(j) [97–99]. In general the electric field and the
polarization are vectorial quantities and therefore each susceptibility χ(j) of jth order
is a tensor of rank j + 1. The second-order polarization component pointing into the
y-direction can thus be calculated with

P (2)
y (ωq) = ε0

∑
jk

∑
(nm)

χ
(2)
yjk(−ωq;ωn, ωm)E1,j(ωn)E2,k(ωm) , (2.48)

where the summation is carried out over all j, k = x, y, z, and over all frequencies ωn
and ωm with the condition ωn + ωm = ωq. New frequencies are generated, due to the
interaction of the electric fields on the right hand side of Eq. (2.48) with the nonlinear
medium. Since the time dependence of the fields E(ωn) and E(ωm) is associated with the
exponential terms e−iωnt and e−iωmt the time dependence of the product of the fields is
e−i(ωn+ωm)t, thus the product of the electric fields leads to a contribution to the nonlinear
polarization oscillating at the frequency ωn + ωm.

2.3.2 Phase matching

For the frequency conversion process, e.g. in a χ(2) medium from the frequencies ωn and
ωm to yield ωq (Fig. 2.5a) to be highly efficient, both energy conservation and momentum
conservation

ωq = ωn + ωm (2.49)

kq = kn + km , (2.50)

where the ki are the respective wavevectors, has to be fulfilled. Without momentum
conservation, there will be only periodically oscillating energy transfer between the initial
field and the resulting fields in the nonlinear medium, because the generated wave at
some point in space z0, having propagated to some other point z1 will be out of phase
with respect to the wave generated at z1. This so-called phase mismatch can be described
as

∆k = kq − kn − km . (2.51)
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Figure 2.5: a) Frequency conversion in a χ(2)-process. The incoming fields ωn and ωm are
mixed in such a way, that the frequency ωq is generated. b) Phase matching in a negative
uniaxial crystal. The circles show the ordinary indices of refraction no for a frequency ω and
for its second harmonic 2ω, while the ellipses show the corresponding extraordinary indices ne.
The propagation is chosen along the direction of the intersection point, so that no(ω)=ne(2ω)
and phase matching is achieved.

Under neglection of absorption in the medium and substitution of Eq. (2.28), the energy
conservation law can be expressed as

kq
n(ωq)

=
kn

n(ωn)
+

km
n(ωm)

. (2.52)

Usually the three indices of refraction n(ωi) are not identical due to material dispersion.
Therefore, e.g. uniaxial birefringent crystals are employed, where the existence of ordi-
nary and extraordinary waves with different indices of refraction for a given wavelength
enables to overcome this problem. In birefringent crystals, the independent polarization
directions in the xy-plane of a wave propagating in the z-direction can have different
phase velocities vp(ω) = c/n(ω), depending on the orientation of the crystal. Bire-
fringent materials have at least one axis of anisotropy (optical axis). The polarization
component of the electric field perpendicular to the optical axis is called ordinary, while
the one parallel to the optical axis is called extraordinary. The crystal orientation and
the polarization directions of the fields can be chosen, such that ”phase-matching”, i.e.
∆k=0 for a certain wavelength is achieved. Two types of phase matching geometries are
commonly used. In Type I both incoming waves are ordinary and the resulting wave
has orthogonal polarization, while in Type II the incoming waves have orthogonal po-
larization. The extraordinary index of refraction can be altered by changing the angle
θ between the optical axis and the direction of propagation of the waves to match the
desired value:

ne(ω, θ) =
no(ω)ne(ω)√

no(ω)2 sin2 θ + ne(ω)2 cos2 θ
. (2.53)

As illustrated in Fig. 2.5b, the extraordinary index can adopt values between ne(ω, 0) =
n0(ω) and ne(ω, 90◦) = ne(ω) by tuning the angle θ. In the case of second-harmonic
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generation for instance the extraordinary index can be chosen to be no(ω)=ne(2ω) to
fulfill the phase-matching condition.

2.3.3 Nonlinear processes

This section intends to give a short overview of the different nonlinear processes [97–99],
that are exploited within the scope of this thesis. In Fig. 2.6a-d these processes and
the involved frequencies together with the required order of nonlinearity (χ(2), χ(3)) are
illustrated.

Sum-frequency / Difference-frequency generation

For sum-frequency generation (SFG) in a type I phase-matched process, the wave with
the highest frequency is the extraordinary wave and polarized in the y-direction. In this
case Eq. (2.48) simplifies to

P (2)
y (ωq) = ε0

∑
(nm)

χ(2)
yxx(−ωq;ωn, ωm)E1,x(ωn)E2,x(ωm) . (2.54)

For femtosecond pulses, which have a broad spectrum, one has to remember that phase
matching can only be achieved for one wavelength. Under the assumption, that the
appropriate experimental conditions for efficient phase-matching for all accessible fre-
quencies can be chosen and that the susceptibilities can be assumed to be independent
of frequency, after Fourier transformation an expression for the electric field in the time
domain can be derived:

E(2)
q (t) = ε0χ

(2)E1(t)E2(t) . (2.55)

a)  SFG

χ(2)

ωn

ωm

ωq=ωn+ωm

b)  DFG

χ(2)

ωn

ωm

ωq=ωn-ωm

c)  OPA

χ(2)

ωPump

ωSignal

d)  WLC

χ(3)ω Pump ∆ω
ωIdler

ωSignal

Figure 2.6: Examples of nonlinear processes. a) Sum-frequency generation (SFG). b)
Difference-frequency generation (DFG). c) Optical parametric amplification. d) Supercon-
tinuum or white-light-continuum (WLC) generation in a χ(3) process.
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This relation is valid for both, sum-frequency generation and difference-frequency gen-
eration (DFG), depending on the polarizations of the incoming waves. Thus, either the
SFG or DFG process is phase-matched for a specific situation. The intensity of the gen-
erated fields, ESFG

q (t) or EDFG
q (t) is proportional to the product I1(t)I2(t). The signal,

that can be detected by a photodiode is the time integral

SSFG/DFG ∝
∞∫

−∞

|ESFG/DFG
q (t)|2dt ∝

∞∫
−∞

I1(t)I2(t)dt . (2.56)

A special case is the one of second-harmonic generation (SHG), in which the fields
E1(t)=E2(t) are identical. Therefore, the overall second-harmonic yield depends quadrat-
ically on the intensity of the fundamental field.

Optical parametric amplification

The optical nonlinearity responsible for SFG, DFG or SHG can also be used to amplify
weak optical signals [98, 99]. The basic configuration (Fig. 2.6c) involves a weak seed
wave at frequency ωS called ”Signal”, that is incident on a nonlinear optical crystal
together with an intense Pump wave at ωP . The amplification of the Signal wave at ωS
is accompanied by the generation of the so-called ”Idler” wave at ωI = ωP − ωS. Power
is transferred from the intense Pump wave to the weaker Signal and Idler waves. This
process is similar to DFG, with the difference that parametric amplification is considered
to be initiated by a single pump beam, while DFG is initiated by two pump beams of
more or less the same intensities.

Starting from the nonlinear wave equation (2.1), a system of coupled differential equa-
tions for the electric fields Ej describing the interaction of the three waves can be derived

dES
dz

=
8πiω2

Sdeff
kSc2

E∗
IEP e

−i∆kz (2.57)

dEI
dz

=
8πiω2

Ideff
kIc2

EPE
∗
Se

+i∆kz (2.58)

dEP
dz

=
8πiω2

Pdeff
kP c2

ESEIe
−i∆kz . (2.59)

In these equations, deff represents the effective nonlinear coefficient, that depends
on the type of phase-matching and the specific nonlinear crystal used. It comprises
the relevant contributions of the susceptibility tensor χ

(2)
ijk for the proper polarization

directions. Under the assumption of a non-depleted Pump wave, i.e. the conversion
efficiency is very small and therefore the ωP Pump wave remains essentially constant, we
can take EP (z) = EP (0). Furthermore, perfect phase-matching ∆k=0 shall be assumed.
Then, by differentiation of Eq. (2.58) with respect to z and introducing the complex
conjugate of Eq. (2.59) one obtains

d2EI
dz2

=
64π2ω2

Sω
2
Id

2
eff

kSkIc4
E∗
IEPE

∗
P ≡ κ2EI , (2.60)
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Figure 2.7: Spatial evolution of the
Signal and Idler waves |ES(z)| and
|EI(z)| in the nonlinear medium in a
non-depleted optical parametric pro-
cess under the additional assumption
of perfect phase-matching ∆k=0 ac-
cording to Eq. (2.61) and (2.62) .
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| E I (z) | - Idler
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with the coupling constant κ. The general solution to this equation is a linear combi-
nation of sinhκz and coshκz. In the OPA the Idler is initially not present (EI(0) = 0),
whereas the signal field starts with the small value ES(0) of the seed wave. The solutions
to Eq. (2.58) and Eq. (2.59) are then given by

ES(z) = ES(0) coshκz (2.61)

EI(z) = i

√
nSωI
nIωS

EP
|EP |

E∗
S(0) sinh κz . (2.62)

The spatial behaviour of these solutions is illustrated in Fig. 2.7 . Both field amplitudes
|ES(z)| and |EI(z)| experience monotonic growth and approach a function proportional
to eκz asymptotically for (κz 	1). This implies, that by increasing the crystal thickness
one could obtain huge conversion efficiencies. However, in reality for Gaussian laser
pulses with femtosecond duration the field amplitudes do not show monotonic growth
because effects such as spatial walk-off due to birefringence or temporal walk-off due
to group-velocity dispersion have to be taken into account. As a consequence an op-
timal crystal thickness exists for every specific situation, i.e. Signal, Idler and Pump
wavelengths, in combination with the nonlinear medium.

Supercontinuum generation

When intense laser pulses interact with transparent media, spectral broadening ranging
over an extended spectral region from ultraviolet to the infrared can be achieved. This
process is called supercontinuum or white-light continuum (WLC) generation and was
first observed by Alfano and Shapiro in 1970 [100]. While the WLC has many appli-
cations, including time-resolved broadband pump-supercontinuum probe spectroscopy
[101] and the use as a broadband seed wave for optical parametric amplification [102],
the physical mechanism of WLC generation is not completely understood. It is widely
believed [103, 104] , that several nonlinear processes, e.g. self-focusing, Raman-like
processes and self-phase modulation contribute to WLC generation.

The optical characteristics of the supercontinuum comprise different aspects. The
spectral range depends on the medium in which the WLC is generated, it has a modu-
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lated spectrum and the polarization points into the same direction as that of the gener-
ating pulse. The spatial beam profile consists of a red outer ring, which is called conical
emission, that is explained by a Cerenkov-based effect [105], and the inner white disk,
that is the actual white-light part.

As self-phase modulation is thought to play an important role in WLC generation, as
well as in other processes, e.g. the ”coherent artifact” in pump-probe spectroscopy (see
Chapter 4) a brief introduction shall be given. Self-phase modulation is based on the
third order susceptibility χ(3), that is in general present in most media. A contribution

E(3)
q (t) = ε0χ

(3)E1(t)E2(t)E3(t) (2.63)

to the electric field due to the third-order polarization of the medium can be derived.
In the case of identical fields the expression

P (t) = ε0

[
χ(1) +

3χ(3)

2cε0n
I(t)

]
E+(t) + c.c. (2.64)

for the polarization, including the intensity (2.19) of the incoming wave can be found.

By using Eq. (2.29), that defines the linear index of refraction as n0 =
√

1 + χ(1), then
the complete index of refraction

n =

√
1 + χ(1) +

3χ(3)

2cε0n0
I(t) = n0

√
1 +

3χ(3)

2cε0n3
0

I(t)

≈ n0 +
3χ(3)

4cε0n2
0

I(t) := n0 + n2I(t) (2.65)

also acquires an intensity-dependence. For the approximation in Eq. (2.65) the relation
n0 	 n2I(t) has been used, where n2 is the nonlinear index coefficient that describes
the coupling strength between the index of refraction and the electric field [93]. Due to
this intensity dependence of the refractive index, a pulse propagating in a medium with
sufficiently large χ(3) will experience temporal phase modulation, leading to spectral
broadening. This can be illustrated by taking the complete temporal phase

Φ(t, z0) = ϕ(t, 0) + ω0t− k0zf (2.66)

of the electric field in a fixed point zf in space [106]. Together with the relation (2.28)
for the wave vector, Eq. (2.66) can be written as

Φ(t, zf ) = ϕ(t, 0) + ω0t−
nω0

c
zf = ϕ(t, 0) + ω0t−

ω0 zf
c

[n0 + n2I(t)] , (2.67)

and therefore the associated momentary frequency (2.17) becomes

ωm(t, zf ) =
dϕ(t, 0)

dt
+ ω0 −

ω0 n2 zf
c

dI(t)

dt
. (2.68)

By performing the Fourier transform (2.3) it can be shown, that the temporal phase
modulation effects the spectral profile of the pulse, by creating red shifted frequencies at
the leading edge (dI(t)/dt >0) of the pulse and blue shifted frequencies at the trailing
edge (dI(t)/dt <0) of the pulse. This also implies, that the WLC is up-chirped, since
the red frequencies arrive before the blue frequencies in the pulse.
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2.4 Electronic structure and vibrations of molecules

In this section the basic concepts important for the treatment of photophysical and pho-
tochemical processes in molecules, such as potential energy surfaces, electronic structure
and vibrations shall be given.

2.4.1 Born-Oppenheimer approximation and potential energy
surfaces

The full Hamiltonian [28, 107]

H(r,R) = TN + Te + V , (2.69)

of a molecular system comprising at least two atoms, consists of the kinetic energies of
the nuclei TN and of the electrons Te and the potential

V = VeN + Ve + VN , (2.70)

with contributions from the Coulomb interaction between the electrons and nuclei, be-
tween the electrons themselves and between the nuclei. The coordinates R and r cor-
respond to the nuclei and the electrons respectively. The time-independent Schrödinger
equation

H(r,R)|Ψmol(r,R)〉 = E|Ψmol(r,R)〉 , (2.71)

where E represents the energy, can be solved by introducing an approximation. Contri-
butions due to spin and rotational motion of the molecule are neglected in this discussion.

As the nuclear motion is very slow compared with the motion of the electrons due to
the mass ratio of about three orders of magnitude, the time-independent Schrödinger
equation can be considered for the electrons only at a fixed internuclear geometry R. In
the Born-Oppenheimer approximation the total wave function

|Ψmol(r,R)〉 = |Ψe(r,R)〉 |ΨN(R)〉 (2.72)

can be separated into the electronic wave function |Ψe(r,R)〉, that depends on the
electron coordinates r and the internuclear geometry R, and the nuclear wave function
|ΨN(r)〉. The eigenvalues and the wave functions of the electrons depend parametrically
only on the magnitude of the nuclear position vector R. The Schrödinger equation for
the electrons alone has to be solved for every value of R to obtain the eigenvalues E(R).
The electronic eigenvalues E(R) as a function of R are called potential energy curves.
The sum of the nuclear potential VN and E(R) plays the role of an effective potential
under which the nuclei move. Therefore, the Schrödinger equation for the nuclei can be
written as

H(r,R)|ΨN(R)〉 = [TN + E(R) + VN(R)]|ΨN(R)〉 = E|ΨN(R)〉 . (2.73)

This leads to the picture, illustrated in Fig. 2.8 in which the vibrational states are
considered on top of the electronic levels represented by the potential energy curves E(R).
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Figure 2.8: Electronic transitions
between the S0 and S1 potential en-
ergy curves to i) illustrate vertical
vibronic transitions (Franck-Condon
principle) and ii) to give an exam-
ple of the spacing of vibrational en-
ergy levels in anharmonic potentials.
The energy distance between neigh-
boring levels is decreasing with in-
creasing quantum number.

S0

S1

E(R)

R

For polyatomic molecules, the number of coordinates, that are necessary to describe
nuclear motion is increasing with the size of the molecule. Thus, the electronic states
are described by multi-dimensional potential energy surfaces.

Transitions between electronic states can be considered as taking place almost in-
stantaneously with respect to the time scale of molecular vibrations (Franck-Condon
principle). The heavy nuclei do not change their position during the electronic transi-
tion. Thus, a vibronic transition is represented by a vertical line in the energy diagram.
The transition probability from an initial to a final state is proportional to the absolute
square of the dipole matrix element

Mif =
[
−e
∑
j

〈Ψe
f |rj|Ψe

i 〉
]
× 〈Ψn

f |Ψn
i 〉 . (2.74)

The first factor is the electric dipole transition moment, due to the redistribution of the
electrons, while the second factor is known as the Franck-Condon factor. It describes
the overlap of the vibrational wave functions |Ψn〉 in the initial and final states.

2.4.2 Vibrations

To describe the motion of a polyatomic molecule, consisting of N atoms, 3N coordinates
are necessary. From these 3N degrees of freedom, three can be attributed to translation
and three (or two in the case of a linear molecule) originate from rotations. Thus, the
remaining number of degrees of freedom for molecular vibrations is 3N − 6 (or 3N − 5
for a linear molecule). The potential energy as a function of the vibrational amplitudes
Q can be expanded in the Taylor series

V (Q) = V0 +
∑
i

( ∂V
∂Qi

)
Qi +

1

2

∑
i,j

( ∂2V

∂Qi∂Qj

)
QiQj + ... (2.75)

around the equilibrium position Q=0. The partial derivatives are the force constants.
In the harmonic approximation only terms up to the second order are included. The
equations of motion for the molecule consisting of 3N atoms comprise 3N linear differen-
tial equations, that can be disentangled by coordinate transformation leading to 3N − 6
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uncoupled normal mode equations. Any motion of the molecule can be represented as a
superposition of the normal modes of vibration, where all atoms oscillate with the same
frequency and have a fixed phase. In this case, the Schrödinger equation resolves into
independent equations for each normal mode, and the total vibrational eigenfunction
is the product of the harmonic oscillator eigenfunctions of the different normal modes.
The total vibrational energy is then given by

E =
∑
i

�ωi(vi + 1/2) . (2.76)

If the force constants, defining the harmonic potential are known, the normal modes of
vibration can be determined. However, in general it is necessary to include cubic, quartic
and possibly higher order terms into the expression for the potential energy to achieve a
better description of the molecular system. This implies that the energy is no longer a
sum of independent terms corresponding to the normal modes of vibration. Anharmonic
correction terms, that involve the quantum number of two or more normal vibrations,
have to be taken into account [108]. A formalism can be derived, in which the molecular
system is still described in the harmonic approximation using the normal modes, while
the anharmonicity is treated by perturbation theory. The vibrational energy states of a
molecule can then be expressed as [108, 109]

E/� =
∑
i

ωi(vi + 1/2) +
∑
i≤j

xij(vi + 1/2)(vj + 1/2) , (2.77)

where ωi is the harmonic frequency of the ith vibrational mode, vi is the vibrational
quantum number of the mode and the xij are the anharmonic constants, that can be
related to the cubic and quartic force constants in a normal coordinate basis. The
transition frequency of a specific mode k coupled to the bath of all other modes i �= k is
given by

ω(vk → vk+1) = ωk + 2xkkvk +
∑
i�=k

xikvi , (2.78)

where the first term is the anharmonic correction of the vk=0 → vk=1 transition in the
vibrational ground state

ωk = ω0
k + 2xkk +

∑
i�=k

xik/2 . (2.79)

Two types of anharmonicity can be distinguished. The second term in Eq. (2.78) de-
scribes the ”diagonal” anharmonic shift of an excited vibrational mode k. The transitions
in the vibrational ladder are successively shifted to lower frequencies. The decrease in
the vibrational energy difference with increasing quantum number, illustrated in Fig. 2.8,
is an example of ”diagonal” anharmonicity. The third term describes the ”off-diagonal”
frequency shifts due to coupling between the mode k and the remaining modes. When
other modes i are highly excited (high quantum number vi indicates that the molecule
is hot, i.e. it has a large internal vibrational energy), the mode k exhibits a red-shifted
transition frequency, even for the fundamental vk=0 → vk=1 transition.
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Figure 2.9: Experimental configuration for ultrafast infrared spectroscopy with frequency-
resolved detection. Adapted from Ref. [110].

2.5 Ultrafast vibrational spectroscopy

Time-resolved vibrational spectroscopy has the potential to elucidate the structural evo-
lution of a molecular system during ultrafast chemical reactions. Infrared transitions can
often be clearly associated with certain groups in the reactant and product molecules,
which makes infrared spectroscopy ideally suited for the investigation of chemical and
photophysical reactions providing direct insight into the structural dynamics on a mi-
croscopic level.

After a brief discussion of the theoretical basis of UV pump - IR probe spectroscopy
in Section 2.5.1, the different transient infrared signals, that can be observed will be
explained (Section 2.5.2). Section 2.5.3 attempts to present an overview of the many
different classes of molecules and molecular processes, that have been studied so far
using time-resolved infrared spectroscopy.

2.5.1 Theory of UV pump - IR probe spectroscopy

Ultrafast spectroscopy in the infrared spectral region is based on the same methods as
the more conventional studies, where electronic transitions are used to probe dynamical
processes in molecules. An intense pump pulse excites the molecule to a higher excited
state, which can trigger a photoreaction. Instead of following the time evolution of the
system by using a time-delayed probe pulse in the ultraviolet or visible regime, infrared
pulses are employed. The absorption change of the molecular sample due to excita-
tion and photoreaction is monitored via weak infrared probe pulses, which experience
a transmission change when passing the sample. The pump-probe experiments in this
thesis have been performed with frequency-resolved detection (Fig. 2.9), where a poly-
chromator is employed to spectrally disperse the infrared probe pulses after transmission
through the sample.

Pump - probe spectroscopy is a third order nonlinear technique, in which a third
order polarization P (3) is generated in the sample by two interactions with the pump
and one interaction with the probe field [111]. The polarization represents a source
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term in the wave equation (Eq. 2.1), which can be solved in the slowly varying envelope
approximation and in the small signal limit. The wave equation is then given by

∂E(t)

∂z
=
iωpr
ε0c

P (3)(t) (2.80)

connecting the polarization with the electric field. In the small signal limit the solution
is

Epr,total(t) = Epr(t) + Egen(t), Egen(t) =
iωprL

ε0c
P (3)(t) , (2.81)

where L is the optical path length in the sample. The polarization of the sample gen-
erates a new pulsed field Egen(t), that interferes with the original probe field Epr(t).
Depending on whether the generated field is in-phase or out-of-phase with the probe
field, transient absorption or gain will be observed. The photodetector, that records the
optical signal is slow compared to the pulse duration, thus the total signal detected is
proportional to the time integral

∞∫
−∞

dt |Epr,total(t)|2 =

∞∫
−∞

dt
[
|Epr(t)|2 + |Egen(t)|2 + 2ReEpr(t)Egen(t)

]
. (2.82)

The first term in this expression is constant and corresponds to the ”unpumped” signal,
i.e. the signal that would be measured if the pump pulse was not present. It can
be subtracted off in an experiment by proper normalization (for technical details see
Section 3.4.2), so that only the difference signal is measured. The second term can be
neglected in the small signal limit, while the third term is responsible for the modulation
(absorption or gain) of the measured signal. Ref.[111] gives a detailed description of the
underlying theory of UV pump - IR probe experiments. In addition calculations of
transient infrared absorption spectra for different cases, such as the destruction of a
molecule by a visible laser pulse, transients in a two-level system and transients in a
three-level system are provided.

2.5.2 Transient infrared signals

The transient signals observed in time-resolved infrared spectroscopy have various ori-
gins. The absorption change can either be positive or negative. Negative absorption
change occurs at spectral positions, where the ground state absorption bands of the
molecular system are located and the transient absorption spectra reflect the ground
state absorption spectrum. Due to photoexcitation of the molecule with the pump
pulse, population is transferred to an excited electronic state. Hence, the ground state
S0(v0 → v1) vibrational transition is bleached, i.e. less molecules absorb at the specific
wavelength. Depending on the dynamics of the molecule the bleach can recover fully
or only partially after a certain time. Full recovery is observed, when the excited state
population entirely relaxes back to the ground state. When an irreversible photoreac-
tion is involved, the ground state will only partially recover, and the residual bleach is
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a measure of the quantum yield of the reaction. The rise of new absorption bands can
have several reasons. Besides the appearance of a band belonging to a reaction inter-
mediate or final photoproduct, excited state absorption from a vibrational transition in
the electronic excited state, e.g. S1(v0 → v1) is also possible and has also to be taken
into account. Spectral shifts of transient bands are frequently observed. As explained
in the previous section, anharmonicity leads to shifting of vibrational energy levels. Ini-
tially red-shifted bands can be observed, when species with a large amount of internal
vibrational energy (hot ground state of the reactant or hot ground state of products)
are created. During vibrational relaxation processes energy dissipation to the solvent
(cooling) occurs, which translates into a blue-shifting behavior of the positions of the
vibrational modes back to the frequency position observable in the vibrational ground
state.

2.5.3 Investigated molecular systems and processes

By using time-resolved infrared spectroscopy one can gain information about the dy-
namics of structural changes during photoinduced processes in molecules. In addition
vibrational relaxation dynamics and anharmonic couplings between vibrational modes
can be studied [109, 112–114]. A comprehensive review of the field is, e.g. Ref. [115].
Dissociation, bond activation and rearrangement in organometallic compounds [116–
119] was intensively investigated. Another field of application lies in the study of pho-
toisomerization in photoactive proteins, such as bacteriorhodopsin and related proteins
[120–124], green fluorescent protein (GFP) [125] or photoactive yellow protein (PYP)
[126–128] and also the dissociation dynamics of CO from heme proteins [129, 130]. Other
processes, such as ring-opening and ring-closure in photochromic switches [131–135], hy-
drogen bond dynamics [110, 136] and hydrogen transfer [137–140] in solutions, as well
as more complicated chemical reactions [141, 142] have also been studied.
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After introducing the basic concepts and ideas behind quantum control and the theo-
retical formalism for describing femtosecond laser pulses in the previous chapter, this
chapter deals with the combination of these concepts and the techniques necessary for
the experimental realization of open-loop and closed-loop quantum control.

In Fig. 3.1 the interplay of the different components of the employed quantum control
setup is shown schematically. The amplified titanium:sapphire (Ti:Sa) laser system (see
Section 3.1) on the left hand side is the starting point for all experiments. It delivers
the femtosecond pulses, that are used to influence and monitor the time evolution of
the investigated molecular system. The ultrashort time scale allows for the resolution
of molecular dynamics and the large spectral bandwidth of the pulses can lead to the
creation of a vibrational wavepacket by coherent excitation of vibrational modes in the
electronic excited state of the investigated system.

The dynamics of the system can be influenced by altering the properties of the applied
laser pulses. This can be realized by manipulating single parameters, like the energy,
the polarization or the wavelength of the employed pulses. In addition a second pulse
can be introduced and the temporal delay between the two pulses represents a further
control parameter. A many-parameter scenario, where the spectral phase of the pulses
is modulated by means of a pulse shaper (details in Section 3.2) is a more general
and flexible concept, since very complex pulse shapes can be generated. The methods
necessary for the characterization of the structure of the shaped pulses are discussed in
Section 3.3.

The laser pulses are used to investigate and control different effects in several quantum
systems. Depending on the quantum system different detection schemes are required.
For purely optical processes, like the generation of the second harmonic in a nonlinear
crystal, a simple measurement of the intensity of the generated signal can be sufficient,
while for complicated molecular systems in different environments more sophisticated
techniques have to be applied. In the case of organic molecules in solution, the mea-
surement of transient absorption changes, that enables to follow the temporal evolution
of the molecular system, is an appropriate method to characterize intermediate steps or
the outcome of a photochemical process. In the experiments dealing with the surface
reactions of hydrogen and carbon monoxide in Chapter 7 and 8 a totally different ap-
proach has to be chosen. The detection of generated product species is performed with
time-of-flight (TOF) mass spectrometry (Section 3.4.3)

The category on the right hand side concerns the type of control. In open-loop exper-
iments the experimental outcome is recorded as a function of only one or two specific
parameters, that characterize the laser field, e.g. linear chirp or the delay time between
two pulses. In this case the applied laser pulse shapes are varied in a systematic way, and
they are limited to a subset of all pulse shapes that can in principle be generated with
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Figure 3.1: Schematic overview of the experimental setup. It can be divided into five cate-
gories. Femtosecond laser pulses are provided by a titanium:sapphire (Ti:Sa) laser system. The
pulses are modified according to different control parameters and are then applied to control
certain processes in quantum systems. Appropriate detection schemes are used to evaluate
the experimental outcome in either open-loop or closed-loop configuration, where a learning
algorithm iteratively optimizes the shape of the laser pulse.

the pulse shaper. In the closed-loop quantum control scheme the change of the experi-
mental observable is evaluated by a learning algorithm (Section 3.5), that is iteratively
improving the control field until the optimal solution is found.

3.1 Femtosecond laser system

The main components of the femtosecond laser system are schematically shown in
Fig. 3.2. The starting point is a home-built titanium:sapphire (Ti:Sa) oscillator, pumped
by a continuous-wave ND:YVO4 laser (Coherent Verdi V6) operating at 532 nm. It de-
livers pulses with 60 fs duration at a repetition rate of 90 MHz which have a central
wavelength of λ0=800 nm and a pulse energy of 3 nJ. In order to achieve higher pulse
energies, the oscillator pulses are sent into an amplifier setup based on the chirped-
pulse amplification (CPA) method [143], that involves several steps. First, the oscillator
pulses enter an “Öffner-type stretcher” in which they are elongated in time by applying
large linear chirp with a suitable combination of a grating and concentric reflective op-
tics [144–146]. The stretched pulses have a duration of 120 ps and therefore low peak
intensity, and thus damage of the optcal components in the following amplifier setup
is avoided. The pulses then serve as seed pulses for a regenerative amplifier which is
pumped by a Nd:YLF laser (Coherent Evolution 15), having a wavelength of 527 nm and
a repetition rate of 1 kHz. Finally, a folded “Treacy-type compressor” [144, 145, 147]
setup consisting of only a grating and plane reflective optics is employed to compensate
for the phase introduced by the stretcher and amplifier components without misaligning
the entire amplifier system. The duration of the amplified and compressed pulses is 80 fs
and a pulse energy of up to 1 mJ at a repetition rate of 1 kHz can be reached. They
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Figure 3.2: Femtosecond laser system. Femtosecond pulses are first generated at a high
repetition rate but low pulse energy by a titanium:sapphire (Ti:Sa) oscillator. In a chirped-
pulse amplification (CPA) scheme, they are subsequently temporally stretched, amplified, and
temporally recompressed again, yielding pulses at a lower repetition rate but with a pulse
energy increased by more than five orders of magnitude. The amplified laser pulses can be
directly used for an experiment, or they are first modulated in a pulse shaper.

can either be used directly in an experiment, or they may also be sent to a pulse shaper,
for further fine adjustment of the pulse compression and also the generation of complex
pulse shapes.

3.2 Femtosecond pulse shaping

The complex shaped laser fields necessary for performing open-loop as well as closed-
loop quantum control experiments are obtained by using a pulse shaper setup which
will be described in this section. For this purpose a number of different methods exist.
In general it is possible to modulate phase, amplitude and polarization of femtosecond
laser pulses with an appropriately chosen setup. Shaping of ultrashort laser pulses can
in principle be achieved in either in the time domain or in the frequency domain, as
they can be described in either the frequency of the time domain connected via Fourier
transformations. In this section phase-only pulse shaping in the frequency domain with
a liquid-crystal display (LCD) pulse shaper will be discussed, since this is the pulse
shaper used in the experiments of this thesis.

The femtosecond pulse shaper used here is based on a 4f -geometry that allows for
modulation of laser pulses in the frequency domain [88, 148]. It basically consists of a
”zero-dispersion-compressor” [149, 150] in which the incoming beam is dispersed and
collimated again by a symmetrically arranged grating and lens pair without introducing
any additional phase, i.e. the pulses leave this configuration with the same temporal
structure they possessed when they entered. In this setup (Fig. 3.3) the laser beam is
angularly dispersed by a grating and collimated by a cylindrical lens that is placed after
the grating at the distance of the focal length. This way all the different frequencies
contained in the beam are propagating parallel after the lens and are focused individually
and spatially displaced in the so-called ”Fourier plane”. A second lens and grating pair
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Figure 3.3: Femtosecond pulse shaper. A zero-dispersion compressor in 4f configuration is
used to spatially disperse the frequency components contained in the pulse by a grating. The
lens is used for collimation of the beam and focuses each frequency component into the Fourier
plane, where pulse shaping with a liquid crystal display (LCD) occurs. A second lens and
grating pair recombines the spectral components.

in a symmetric configuration to this plane recollimates the beam and recombines the
different spectral components. All optical components involved are spaced one focal
length apart. In the Fourier plane, the symmetry plane of the setup, maximal frequency
resolution is achieved. Therefore, manipulation of the spectral phase of the pulse is
taking place in the Fourier plane, by inserting a spatial light modulator (SLM) at this
position.

The spatial light modulator used is a liquid-crystal display (LCD) [148, 151, 152] (see
Fig. 3.4a) with 128 independently addressable pixels. It consists of two glass plates at
distance d, coated on the inner surface with thin rectangular areas of transparent and
electrically conducting indium tin oxide (ITO). Opposing areas form the two electrodes
of a pixel, which has a height of yp=2 mm and is xp=97µm wide. An electric voltage
can be applied to each individual pixel. The space between the glass plates is filled with
long-stretched liquid-crystal molecules in the nematic phase, i.e. the long symmetry axes
are aligned with respect to each other showing in the z-direction according to Fig. 3.4b.
By application of a suitable voltage Ui to the ITO electrodes of pixel i (i=1,...128), the
liquid-crystal molecules are reoriented along the electric field lines and are tilted in the
y − z plane (Fig. 3.4c), while the amount of tilt is a monotonous function of Ui. Thus,
the molecular electric dipole moment projected along the y-axis is altered, leading to a
change in the index of refraction ny(Ui) along the y-direction. This in turn results for
light polarized in the y direction in an additional phase retardation

∆Φ(Ui, ωi) =
[ny(Ui) − ny(0)]ωid

c
(3.1)

relative to the phase retardation imposed without any voltage applied. This is why half
wave plates (λ/2) are used before and after the LCD (see Fig. 3.3) to rotate the initially
p-polarized electric light field (pointing in x-direction) by 90◦ to pointing along the y-
direction. Since different voltages can be applied independently to each of the 128 pixels,
128 individual frequency components, lined up next to each other along the x-direction
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focal length f 80 mm
grating line density 1800 mm−1

minimum wavelength 770 nm
maximum wavelength 830 nm
focal spot width at LCD 60 µm
freq. interval ωP per pixel 1.54 rad/ps
number of LCD pixels 128
LCD pixel width xp 97 µm
LCD interpixel gap 3 µm
LCD pixel height yp 2 mm
LCD response time 150 ms
energy throughput 65 %

Figure 3.4: The liquid-crystal display (LCD) spatial light modulator located in the Fourier
plane of the pulse shaper. a) The LCD consists of two glass plates whose inside surfaces are
coated with 128 indium-tin-oxide (ITO) electrodes. The space between the glass plates is filled
with long-stretched liquid-crystal molecules. b) An individual pixel shown for the case where
the voltage between the electrodes of the pixel is off. c) When a voltage is applied, the crystals
reorient themselves along the direction of the electric field, leading to a refractive index change
for light polarized along the y-axis. Each of the frequency components passing through the
different pixels can be retarded independently. The table on the right side summarizes the
technical parameters of the LCD pulse shaper setup.

in the Fourier plane, can be retarded independently. As a consequence almost arbitrary
shaped spectral phase functions Φ(ω) can be obtained. For the generation of specific
phase modulations ∆Φ(Ui, ωi) an experimental calibration is necessary, to both assign
the spatial position x (or the pixel number) to the frequency component and the applied
voltage at the respective pixel to the introduced phase retardation. This can be done
by a procedure described in Ref. [153].

LCD-based pulse shapers also have limitations and unwanted effects can occur, that
one has to be aware of when using the pulse shaper in an experiment. The shortest
temporal feature of the shaped femtosecond pulse is determined by the bandwidth limit
of the incoming unshaped pulse. Therefore the fastest change in the intensity profile
can not be shorter than the duration of the transform-limited pulse. An LCD pixel
can cover only a limited amount of phase retardation, due to the maximum tilt of the
liquid-crystal molecules. However, it is sufficient for a phase of ∆Φ(Ui, ωi) ∈ [0, 2π]
for all frequency components ωi. For phases exceeding this range, the phases Φ(ω) are
applied modulo 2π, leading to phase jumps among neighboring pixels of about 2π (“phase
wraps”). The steplike phase function applied with an LCD-SLM effects the output pulse
shape. With the help of the Fourier transform (2.4) relation it can be shown, that pre-
and postpulses appear in addition to the main laser pulse. Their temporal separation
from the main pulse is 2π/ωP = 4.1 ps, where ωP is the frequency interval that falls on
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one pixel [154]. Within this temporal ”pulse shaping window” the pulses can be shaped
without the need to take interference with the pre- and postpulses into account. Another
effect that should not be forgotten is that temporal shaping is also coupled to spatial
effects. The spatial structure of the LDC mask may cause varying diffraction effects for
the individual frequency components which can lead to ”spatial chirp” after the pulse
shaper. This means that the different spectral components travel at different distances
from the center of the spatial beam profile [154–156]. If the focal spot size in the Fourier
plane is reduced to a width smaller than the pixel width xp, this effect is minimized,
which is the case in our setup. The technical parameters of the LCD can be found in
the table on the right side of Fig. 3.4.

3.3 Pulse characterization methods

The complex pulses generated with the pulse shaper have to be characterized with
suitable experimental methods. The techniques that were used in this work are described
in this section. Intensity autocorrelation and cross-correlation can be employed, when it
is sufficient to know the temporal profile of the pulse, whereas for the characterization
of the complete electric field the frequency-resolved versions of intensity autocorrelation
and cross-correlation, FROG and XFROG, are necessary.

3.3.1 Autocorrelation and cross-correlation

A widely used technique for the characterization of ultrashort laser pulses is second-order
autocorrelation. The basic idea is to characterize the short pulse with an identical replica
of itself in a nonlinear process. The employed setup is shown in Fig. 3.5a. In a Mach-
Zehnder-type interferometer the laser beam is split into two copies of the same pulse.
The path length of one of the arms of the interferometer is adjustable by movement of
a motorized delay stage. The two beams are recombined non-collinearly in a suitable
nonlinear crystal, phase-matched for the generation of the second harmonic. Each of
the pulses alone is creating light at the second harmonic. In addition, if the two pulses
are temporally overlapped in the crystal a cooperative SHG signal is measured. As it
is pointing in the direction of the sum of the k-vectors of the individual beams, it can
be separated by an iris. The cooperative SHG signal, recorded by a photodetector as a
function of the temporal delay τ of the pulses, is called ”Intensity Autocorrelation” and
is given by

AIAC(τ) ∝
∞∫

−∞

I(t)I(t− τ)dt . (3.2)

The FWHM ∆tIAC of the autocorrelation is an approximate measure for the pulse du-
ration. For a Gaussian intensity profile I(t) the relation between autocorrelation width
and the FWHM of the temporal pulse profile is given by ∆tIAC =

√
2∆t. Information

about the complete electric field, including phase and amplitude cannot be obtained
unambiguously with autocorrelation measurements. An obvious ambiguity is time re-
versal to I(−t), which leaves the autocorrelation signal AIAC(τ) unchanged. Besides
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Figure 3.5: Schematic setups for the measurement of a) an intensity autocorrelation; b)
an SFM intensity cross-correlation between a fundamental pulse at 800 nm and its second
harmonic at 400 nm. The detector records the total signal as a function of the time delay
τ which is adjustable with a computer-controlled motorized delay stage. If the detector is
replaced by a spectrometer, FROG traces can be recorded.

this ”self-referencing technique”, in which a replica of the same pulse is used for its
characterization, a ”cross-referencing technique” that takes a known reference pulse for
characterization is a possibility to gain more information about the unknown pulse.

Other nonlinear effects besides SHG, e.g. SFG or DFG (Section 2.3.3) can be exploited
to record a cross-correlation of two different pulses (Fig. 3.5b), that may have different
frequencies or temporal profiles. However, the duration ∆t1 of one of the pulses has to
be known in order to gain information about the other pulse. Then the second-order
intensity cross-correlation (ICC)

AICC(τ) ∝
∞∫

−∞

I1(t)I2(t− τ)dt (3.3)

between the two pulses with intensity profiles I1(t) and I2(t) can give an estimate for
the other via the relation

∆tICC =
√

∆t21 + ∆t22 . (3.4)

The cross-correlation is not ambiguous with respect to the time direction, since the
two involved laser pulses generally have different intensity profiles. In contrast to the
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autocorrelation, in which complex pulse shapes are not directly reflected due to the fact
that the pulse is correlated with itself, the cross-correlation directly reveals the temporal
structure of the unknown pulse.

3.3.2 Frequency-resolved optical gating - FROG and XFROG

More sophisticated techniques have to be employed for the complete characterization
of ultrashort laser pulses. This can be achieved by measuring a spectrally resolved
autocorrelation. The photodetector in Fig. 3.5a is then replaced by a spectrometer.
This technique is called frequency-resolved optical gating (FROG) [157, 158] and was
developed by Trebino and coworkers. It can be realized in different geometries and with
different degrees of nonlinearity [159–164] and is applicable in a wide frequency range
from the ultraviolet to the mid-infrared. There is also a cross-referencing version called
cross-correlation frequency-resolved optical gating (XFROG) [165–167], which can be
useful for the characterization of weak ultrashort pulses. In the experiments of this
work, SHG-FROG and SFG-XFROG are applied for the characterization of pulses at
800 nm and 400 nm respectively. The unmodulated fundamental pulse was taken as the
reference pulse for the SFG-XFROG.

The recorded signal (the ”FROG-trace”) is a function of frequency ω and the corre-
sponding time delay τ of the two input pulses. Thus, the two-dimensional FROG signal
is

SFROG(τ, ω) ∝
∣∣∣

∞∫
−∞

Esig(τ, t) e
−iωtdt

∣∣∣2 , (3.5)

with the signal field Esig(τ, t) which depends on the two input fields and the time delay
τ between them. In the cases of SHG-FROG and SFG-XFROG the signal fields take
the form

ESHG
sig (τ, t) = E+(t)E+(t− τ) (3.6)

ESFG
sig (τ, t) = E+(t)E+

ref(t− τ) , (3.7)

respectively.

The retrieval of the complete electric field from the FROG or XFROG traces is not
an analytically solvable problem. A numerical algorithm has to be used to extract the
correct electric field in an interative procedure. The reconstruction of the complete elec-
tric field from the two-dimensional FROG-trace, unlike in the case of a one-dimensional
quantity, is possible by an iterative Fourier transform phase-retrieval algorithm [157].
For this purpose the signal field Esig(τ, t) is Fourier-transformed with respect to τ

Esig(Ω, t) =
1√
2π

∞∫
−∞

Esig(t, τ) e
−iΩτ dτ . (3.8)

Daniel Wolpert: Quantum control of photoinduced chemical reactions (Diss. Univ. of Würzburg, 2008)



3.4 Detection schemes 37

With the inverse Fourier transform of Eq. (3.8) the measured FROG trace (3.5) can be
rewritten in terms of the two-dimensional Fourier transform

SFROG(τ, ω) =
∣∣∣

∞∫
−∞

∞∫
−∞

Esig(t,Ω) e−iωt+iΩτ dt dΩ
∣∣∣2 . (3.9)

Since the signal field is connected to the electric field E+(t), the task for the algorithm is
to find the correct signal field that corresponds to the measured FROG-trace. Therefore,
starting from an initial guess for the electric field, the algorithm determines the two-
dimensional signal field (3.8) and subsequently attempts to minimize the deviations of
the calculated FROG signal (3.9) from the measured one. When the two-dimensional
signal field is found, the complete electric field E+(t) can be obtained from it by setting
Ω=0. In the case of SHG-FROG, the function is represented by

Esig(Ω = 0, t) =
1√
2π

∞∫
−∞

Esig(t, τ) dτ =
1√
2π
E+(t)

∞∫
−∞

E+(t− τ) dτ . (3.10)

After the substitution τ → τ ′= t−τ it reduces to the linear dependence

Esig(Ω = 0, t) =
1√
2π
E+(t)

∞∫
−∞

E+(τ ′) dτ ′ = constE+(t) . (3.11)

Using this procedure, the full electric field information can be obtained, apart from trivial
ambiguities like the absolute phase, the direction of time in SHG-FROG due to delay
time inversion symmetry or relative phases of well-separated frequency components [167].

For the FROG and XFROG traces of this work, the commercial software FROG 3.2
(Femtosoft Technologies) is used for a retrieval of the electric field.

3.4 Detection schemes

As different quantum systems in different environments are the subject of the quantum
control experiments performed in this work, suitable detection techniques have to be
applied to monitor the interaction of the light field and the investigated quantum sys-
tem. In the following, these methods, especially technical details not mentioned in other
parts of this work, will be discussed. The generation of the second harmonic serves as
a prototype nonlinear process for an optical implementation of quantum control (Sec-
tion 3.4.1). In the liquid phase, transient absorption spectroscopy (Section 3.4.2) is a
valuable detection scheme, while for the experiments performed on adsorbate molecules
on a metal surface time-of-flight mass spectrometry is employed (Section 3.4.3).

3.4.1 Harmonic generation

Frequency conversion processes in nonlinear crystals were introduced in Section 2.3.
Under the condition that the SHG efficiency is constant for all involved spectral com-
ponents (sufficient acceptance bandwidth of the crystal), the second harmonic signal
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can be considered as a measure for the duration and peak intensity of the generating
pulse. Thus, a transform-limited pulse will yield the maximal SHG signal. This can be
exploited for adaptive pulse compression experiments [94], in which a pulse shaper is
used to compensate for spectral phase distortions originating from the laser system itself
or optical components in the path to the experiment. The laser pulse is sent through a
pulse shaper and subsequently into a SHG crystal where second-harmonic radiation is
generated. Suitable filters block the fundamental and the temporally integrated overall
SHG yield is finally measured by a detector whose response is linearly depending on
the energy of the light impinging upon it, e.g. a photodiode or a photomultiplier tube,
and a boxcar averager. The SHG signal serves as feedback for a learning algorithm that
iteratively compensates the phase distortions through maximizing the second-harmonic
signal. This procedure is also called an SHG optimization and provides the shortest pos-
sible laser pulse [42–47, 168–173]. This ”cleaned” spectral phase is taken as the starting
point for performing spectroscopy or pulse shaping experiments.

3.4.2 Transient absorption

The general theory of transient absorption has already been presented in Section 2.5.1.
This section deals with the technical aspects of transient absorption spectroscopy. The
effect of the pump pulse, that excites the molecular system is investigated with a time
delayed second pulse. Due to photoexcitation and dynamical evolution of the molecular
sample, the probe pulse experiences different absorption by the sample. The difference
in absorption compared with an unpumped sample volume recorded as a function of the
delay time τ can provide information about the temporal evolution of the system. The
Lambert-Beer law

I(λ, τ) = I0(λ) e−σ(λ)N(τ)d , (3.12)

where I0(λ) is the intensity of the probe beam at wavelength λ before passing the sample,
d is the sample thickness, σ(λ) is the wavelength-dependent absorption cross section, and
N(τ) is the number of molecules which absorb at wavelength λ, describes the intensity
of the probe beam at this wavelength after passing the sample. The Lambert-Beer law
can also be written in terms of the absorbance or ‘optical density”‘, defined as

OD(λ, τ) = − log10

[
I(λ, τ)

I0(λ)

]
=

1

ln(10)
σ(λ)N(τ)d . (3.13)

The probe beam intensity in absence of the pump pulse (for an unpumped sample
volume) can be taken as the reference value already described in Eq. (2.82)

Iref(λ) = I0(λ) e−σ(λ)N0d . (3.14)

This leads to the definition of the differential optical density, which is the change in
absorbance seen by the probe pulse in the presence of the pump pulse

∆OD(λ, τ) = − log10

[
I(λ, τ)

Iref(λ)

]
=

1

ln(10)
σ(λ)

[
N(τ) −N0

]
d . (3.15)
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Usually a mechanical chopper blocking every other laser pulse is employed to measure
the absorption change on a shot-to-shot basis. This greatly enhances the signal to noise
ratio, because only short term shot to shot energy fluctuations limit the signal quality
and long term drift of the pulse energy is not a major problem.

3.4.3 Time-of-flight mass spectrometry

In the experiments dealing with catalytic surface reactions on a metal surface in Chap-
ter 7 and 8, ions are generated due to the interaction of the laser field and the adsorbed
molecules on the metal surface. Time-of-flight (TOF) mass spectrometry is employed
for the detection of the created ions. The TOF mass spectrometer is a modified ver-
sion [174, 175] of a device based on the conventional Wiley-McLaren design [176]. It is
incorporated in a high vacuum system consisting of two chambers, a main and a collat-
eral vacuum chamber that are evacuated by a turbomolecular pump (Pfeiffer TPU330)
and a diffusion pump (Varian VHS-6), respectively, both backed by a rotary vane pump
(Leybold D65BCS). In addition a liquid nitrogen trap is connected to the back side of
the main chamber to remove condensible gases. With this arrangement a base pressure
of 10−6 torr in the main chamber can be attained. The adsorbate molecules are applied
to the metal surface via a stream of gas. The gas molecules are entering the collat-
eral chamber through a nozzle, directing them to a skimmer that represents the only
connection between the two vacuum chambers. The skimmer forms a gas beam in the
main chamber which hits the metal surface. Almost parallel to the surface normal and
perpendicular to the gas beam, there is a time-of-flight (TOF) mass spectrometer as

Figure 3.6: Time-of-flight mass spec-
trometer. In the interaction region
(marked by a cross), the molecular
beam (dot-dashed) is crossed by the
laser beam propagating in the yz-
plane under an angle of 15◦ rela-
tive to the z-axis. Generated pho-
toproduct cations are extracted by
static electric fields, applied to re-
peller and apertures, and reach the
detector, which consists of a micro-
channel plate (MCP) pair in chevron
geometry and a conical anode, af-
ter a drift time which is related to
their ion mass. The repeller is modi-
fied so that a stub (light gray) holds
a tilted metallic single crystal (dark
gray) whose surface is in the interac-
tion region.
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depicted in Fig. 3.6. The molecular ions produced in the interaction region by the laser
beam are accelerated towards the detector with a system of electrodes to which suitable
extraction voltages are applied, where they generate a voltage signal on a conical anode
behind a chevron-stacked micro-channel plate (MCP) assembly [177]. Discrimination of
the different ions with respect to their mass-to-charge ratio is performed by measuring
the flight time of the different ionic species from the interaction region on the metal sur-
face to the detector. The ions which are instantaneously generated by the femtosecond
laser pulse compared with the flight time to the detector, get accelerated to the same
kinetic energy mv2/2 = qU , where U is the accelerating voltage. Then their flight times
t(m, q) are directly related to their specific mass m/q via

t(m, q) ∝
√
m

q
, (3.16)

where m and q are the mass and the charge of the ions, respectively. The ion signals are
measured either directly via a digital oscilloscope (LeCroy LC574A) or via a Time-to-
Digital-Converter (FastComTec p7886) after a fast preamplifier (Ortec 9301), and are
subsequently recorded by a computer.

For the surface experiments the TOF mass spectrometer has been modified in such
a way that the repeller electrode serves as a mount for the single crystal surface. For
this purpose a copper stub with a hollow is added to the repeller electrode. The gas
beam hits the metallic single crystal, placed in the hollow under an angle of about 5◦. A
voltage of +200 V is applied to the crystal, and several subsequent grounded electrodes
and a double µ-metal shield ensure a field-free drift region, while at the detector itself the
back and front plates of the MCP assembly are set to -100 V and +1800 V, respectively,
followed by the conical anode at 0 V. The temperature of the crystal is measured at
the backside which is in contact with a type K thermocouple (Thermocoax DIN IEC
584) that is read out by a PID temperature controller (Eurotherm 2132). The whole
repeller assembly including the single crystal can be cooled with a cryogenic system (CTI
Cryogenics, refrigerator model 22 and compressor 8200) allowing a drop of temperature
down to several tens of Kelvin. The cold finger of the cryogenic cooling system is
connected to the repeller via thick copper wires. In order to guarantee electric isolation
from the repeller and good heat conduction at the same time a ceramic aluminum nitride
disk is inserted between repeller and the copper wires connected to the cooling system.
With this configuration temperatures of 150 K at the metal surface can be obtained.
The pressures are measured via glass-tubulated Bayard-Alpert ion gauges (Huntington
IK-150-SF) connected to a vacuum gauge controller (Granville-Phillips 270).

3.5 Evolutionary algorithm

The concept of closed-loop quantum control was already presented in Section 2.1.2. In
an iterative procedure a learning algorithm evaluates the performance of the applied
pulse shapes with respect to a certain control objective using a feedback signal from
the experiment. One of the ingredients of this concept is the learning algorithm which
will be discussed in this section. In the experiments described within this thesis an

Daniel Wolpert: Quantum control of photoinduced chemical reactions (Diss. Univ. of Würzburg, 2008)



3.5 Evolutionary algorithm 41

3V7V 4V6V 2V 27.5

LCD array fitness

pool of
individuals

3V7V 4V6V 2V 27.5 3V7V 4V6V 2V 27.5 3V7V 4V6V 2V 27.5 3V7V 4V6V 2V 27.5

3V7V 4V6V 2V 27.5 3V7V 4V6V 2V 27.5 3V7V 4V6V 2V 27.5 3V7V 4V6V 2V 27.5

3V7V 4V6V 2V 27.5 3V7V 4V6V 2V 27.5 3V7V 4V6V 2V 27.5 3V7V 4V6V 2V 27.5

mutation cloning crossover rejects

9V 1V7V 1V

7V 4V6V 2V

-1+1 +2 -3

7V 4V6V 2V

7V 4V6V 2V

7V 4V6V 2V

2V 4V6V 2V

2V 1V7V 3V
3V7V 4V6V 2V 27.5

3V7V 4V6V 2V 27.53V7V 4V6V 2V 27.5

3V7V 4V6V 2V 27.5

3V7V 4V6V 2V 27.5

3V7V 4V6V 2V 27.5

3V7V 4V6V 2V 27.5

3V7V 4V6V 2V 27.5

3V7V 4V6V 2V 27.5

3V7V 4V6V 2V 27.5

3V7V 4V6V 2V 27.5

next generation

selection

Figure 3.7: Evolutionary algorithm. The sketch schematically shows one generation. Each
individual laser pulse is characterized by its genetic code (i.e. LCD pixel voltages), 60 of them
(pool of individuals) are tested per generation. Depending on their fitness value, an individual
is either rejected or survives and is used in the mutation, cloning, and crossover procedure for
the evaluation of the pool of individuals of the next generation. The optimal pulse shape is
found by iterative repetition of this loop.

evolutionary algorithm was employed for the adaptive optimization of femtosecond laser
pulse shapes.

Evolutionary algorithms [178, 179] are optimization methods inspired by biological
evolution. They are based on the idea of the ”survival of the fittest”, which means that
certain genetic qualities that define an individual decide over the chances of survival
leading to a natural selection. As a consequence, individuals with genetic patterns that
are well adapted to environmental conditions will survive and pass their genetic code to
the following generation, while the others will eventually become extinct.

In the context of using evolutionary algorithms for quantum control, the control goal
must be defined prior to an optimization. This is usually the maximization of the so-
called ”fitness function” which includes one or more experimental observables. Mostly
it takes the form of the ratio of two experimental observables X and Y according to

F =
X

max(Y, Y0)
, (3.17)

where the quantity Y0 in the denominator is a constant threshold value (discrimina-
tor), which is determined by the signal-to-noise ratio of the experiment and is used to
keep the algorithm from finding unphysical solutions which originate from very small
denominators in the fitness function.

Each pulse shape is represented by a genetic code containing 128 voltage values as
they are applied to the 128 pixels of the LCD (Fig. 3.7). When the optimization is
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started, the voltages are randomly initialized and then tested in the experiment. During
one generation a pool of e.g. 60 individuals is tested and the fitness values are deter-
mined. A certain percentage of individuals with the highest fitness values is selected
for reproduction and a new pool of individuals is generated by mutation, crossover and
cloning, while the other individuals are rejected.

In the crossover procedure, four new individuals are created per survivor, by randomly
pairing two of the survivors, which interchange the voltage values corresponding to a
randomly selected LCD pixel. This provides two new complementary individuals created
from two of the survivors. In the mutation procedure, each pixel voltage is changed by
a certain amount as determined by a random number generator. The mutation leap
is based on a Gaussian probability distribution with a width proportional to the last
mutation leap in this pixel, effecting self-optimizing mutation leaps [94].

The search space that has to be explored by the algorithm is determined by the
number of individual pulse shapes that can be generated with the LCD pulse shaper. A
12 bit voltage corresponds to (212)128=10462 pulse-shaper settings (some of which deliver
equivalent pulses). Since testing all these pulse shapes is definitely an impossible task,
the evolutionary algorithm allows an iterative determination of the best pulse shape for
a given optimization task available under the experimental conditions.
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4 Femtosecond mid-infrared
spectroscopy setup

Ultrafast vibrational spectroscopy requires the generation of usually ultraviolet (UV)
pump and mid-infrared (MIR) probe pulses. The generation of tunable ultrashort mid-
infrared pulses is based on nonlinear optical frequency mixing techniques, such as optical
parametric amplification and difference frequency generation, that have already been
covered in Section 2.3.3. The experimental setup of the transient femtosecond mid-
infrared spectrometer, that was constructed within the scope of this work is described
in this chapter. All the experiments, discussed in Chapter 5 and Chapter 6 in this work,
were performed with this setup. After a general introduction to the complete pump-
probe setup (Section 4.1), a detailed discussion of the generation of UV pump and MIR
probe pulses (Section 4.2 and 4.3) is given. The actual pump-probe setup, including the
sample mount is specified in more detail in Section 4.4. The transient MIR spectrometer
is characterized in terms of tunability, time resolution and stability in Section 4.5. Here
is further given a short introduction into coherent effects which have to be taken into
account in femtosecond vibrational spectroscopy.

4.1 The UV pump - MIR probe experiment

A schematic overview of the experimental setup is shown in Fig. 4.1. It is based on
the 1 kHz Ti:Sapphire CPA laser system, described in Chapter 3.1. The pulses with a
central wavelength of about 800 nm and a pulse energy of about 0.6 mJ are split in two
equal parts, using a 50:50 beamsplitter to create pump and probe pulses at the desired
wavelengths by frequency conversion stages further on in the setup. The part for the
pump pulse is sent to the pulse shaper, to correct for remaining higher-order dispersion
causing temporal distortions of the 800 nm pulses that could not be compensated for by
the compressor of the CPA system. The pulse shaper will also be used to create different
excitation pulse shapes for the control experiments, that are discussed in Chapter 6. The
time delay between pump and probe pulses is scanned by a computer controlled delay
stage. Frequency doubling in a BBO crystal creates pulses with a central wavelength
around 400 nm, which are used for the excitation of the molecular sample. The probe
pulses are generated in a two stage process. Difference-frequency mixing of the Signal
and Idler pulses from an optical parametric amplifier (OPA) produces probe pulses in
the mid-infrared. After the sample, the MIR pulses are spectrally dispersed in a grating
spectrometer and detected by a mercury cadmium telluride (MCT) photoconductive
detector. Data processing was performed after analog to digital conversion (ADC) by a
personal computer (PC).
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Ti:Sa

CPA
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0.6 mJ
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Delay
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Figure 4.1: Setup for UV pump - MIR probe transient vibrational spectroscopy. The UV
pump pulses are generated by second harmonic generation (SHG) in a BBO crystal and can be
shaped by means of a pulse shaper. The MIR probe pulses are obtained after optical parametric
amplification (OPA) and subsequent difference frequency mixing (DFG) of the generated near-
infrared (NIR) Signal and Idler pulses. The transient spectra are detected with a spectrometer
and are processed by a PC.

4.2 Generation of UV pump pulses

The excitation pulses are generated by second-harmonic-generation (SHG) of the fun-
damental 800 nm pulses from the CPA in a type I beta barium borate (BBO) crystal,
cut under 29.1◦ with 100 µm thickness. For transient absorption spectroscopy the pulse
shaper was used for an adaptive maximization of the second harmonic yield (SHG op-
timization) by adjusting the spectral phase of the fundamental pulse. This results in
temporally clean and short pump pulses, leading to the best time resolution possible.
After the pulse shaper a 1:2 telescope reduces the beam diameter and the adjustment
of the beam diameter at the position of the sample is facilitated. The 800 nm pulses of
about 250 µJ pulse energy before the pulse shaper, can be converted into 400 nm pulses
of up to 10 µJ.

4.3 Generation of probe pulses in the mid-infrared

Ultrashort tunable mid-infrared pulses are routinely generated by difference-frequency
generation from the Signal and Idler pulses of an 800 nm pumped optical parametric
amplifier (OPA) [102]. The most commonly used crystal for DFG is silverthiogallate
(AgGaS2), which allows for tuning in the range of 3-12 µm [180]. Depending on the pump
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Figure 4.2: a) Dependence of the DFG wavenumber (right scale) and wavelength (left scale)
on the Signal wavelength and b) on the Idler wavelength for different Ti:Sa CPA central
wavelengths around 800 nm. Calculated according to Eqs. (4.2) and (4.3).

pulse energy, mid-infrared pulses with energies in the microjoule regime are obtained.
Although during the last decade different designs of this principle were realized, a design
first introduced by P. Hamm [181] has established itself due to its easy implementation
and high stability [182]. Many other groups, working in the field of transient vibrational
spectroscopy, 2D-IR spectroscopy [183] or MIR pulse shaping [184–186] are referring to
this design. Therefore, it was also chosen to be the one to be constructed for this work.

Different nonlinear processes are involved in the subsequent stages of this scheme.
The starting point is the generation of a seed pulse, created by white light continuum
(WLC) generation. The near-infrared part of the WLC is then amplified in an OPA
process in the first stage. The Signal pulse from the first amplification stage is further
amplified in the second OPA stage, to produce intense Signal and Idler pulses. The
mid-infrared pulses are then generated by difference-frequency generation (DFG) from
Signal and Idler.

For practical purposes it is useful to determine the wavenumbers ν (in cm−1) of Signal
and Idler, that are necessary to obtain the desired central wavenumber of the mid-
infrared pulses for a given central wavelength of the CPA pump pulses. They can be
calculated by the following equations:

νCPA = νSignal + νIdler (4.1)

νDFG = 2 νSignal − νCPA (4.2)

νDFG = νCPA − 2 νIdler . (4.3)

These relations are visualized in Fig. 4.2 for different CPA central wavelengths in the
region around 800 nm.
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Figure 4.3: Complete experimental setup for the generation of tunable mid-infrared pulses.
Ti:Sa laser pulses are converted to the mid-infrared in a home-built two stage near-infrared
(NIR) optical parametric amplifier followed by difference-frequency mixing of the Signal and
Idler pulses in a silverthiogallate (AgGaS2) crystal. A detailed description is given in the text.

4.3.1 Optical parametric amplifier

The complete setup for the generation of mid-infrared pulses is shown in Fig. 4.3. In
the following the different frequency conversion and amplification stages are discussed
in detail.

White light continuum generation

The OPA is pumped with p-polarized, 100 fs, 250 µJ pulses from the Ti:Sa CPA at
800 nm and 1 kHz. The seed pulse for the first stage of the OPA is created by single-
filament white light continuum (WLC) generation in a sapphire crystal (see upper left
hand side in Fig. 4.3). In contrast to other techniques to generate the seed pulses like
superfluorescence, WLC seed pulses are much more stable, so that the resulting mid-
infrared pulses exhibit very low pulse to pulse energy fluctuations. A weak fraction of
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about 2 µJ is split off of the incoming beam by using a thin BK7 glass window (back side
is anti-reflection coated). Using a lens with 10 cm focal length, the reflected portion of
the beam is focused in a 4 mm thick sapphire plate, that is cut perpendicular to the c-axis
for efficient white light generation. The intensity of the focused beam can be controlled
by a combination consisting of a half-wave plate and a polarizer. It is also used to rotate
the polarization by 90◦, because the OPA process in the first stage requires s-polarized
seed pulses, due to the phase matching condition (see first OPA stage). The intensity
has to be adjusted very carefully, so that the formation of multiple filaments in the
sapphire disk is prevented. That would lead to very unstable and strongly fluctuating
seed pulse energies. After the sapphire plate the white light continuum is recollimated
and focused into the BBO crystal with a 3 cm lens. The visible as well as part of the
NIR (<1000 nm) is blocked by a RG 1000 glass filter, so that only the near-infrared part
of the WLC arrives at the BBO.

1st OPA stage

For the first OPA stage, the s-polarized seed pulses from the white light continuum and
p-polarized 800 nm pump pulses (another fraction of about 10% of the Ti:Sa pulses) have
to be collinearly combined in a type II phase matching, 4 mm thick, BBO crystal by
means of the dichrioc mirror DM1 (high transmission for 1200-2200 nm, s-polarization;
high reflection for 750-850 nm, p-polarization). The crystal is cut under θ = 27◦ and
φ = 30◦ for optimal type II phase matching of the OPA process. The pump pulses are
tightly focussed by a 50 cm lens into the BBO. Their beam waist is much smaller than the
beam waist of the seed pulses, so that excellent spatial properties of the generated beams
are obtained. The intensity of the 800 nm pump pulses is adjusted by a combination
consisting of a half wave plate and a polarizer so that it is close to the white light
generation threshold in the BBO crystal. Temporal overlap of the seed and pump pulses
is obtained by adjustment of a delay stage (Delay 1).

2nd OPA stage

The amplified Signal pulses are sent over the dichroic mirror DM2 (high transmission
for 1650-2500 nm, p-polarization; high reflection for 1200-1550 nm, s-polarization), so
that the Idler pulse is removed. The remaining Signal pulse is collimated by a concave
gold mirror and directed back to the BBO crystal in the same vertical plane (same
phase-matching angle as in first OPA stage), but about 3 mm below the beam in the
first OPA stage. With this double pass configuration the same BBO crystal can be used
again for parametric amplification in the second stage. The pump pulses for the second
OPA stage are the remaining fraction (about 90%) of the Ti:Sa pulses. After the delay
stage (Delay 2), where the temporal overlap in the second stage is optimized, the beam
waist of the pump beam is reduced by a 1:3 telescope, to match the beam waists of the
collimated Signal beam from the first stage and the pump beam of the second stage. The
pulse energies of Signal and Idler after the second OPA stage are up to 20 µJ, depending
on the wavelengths of Signal and Idler.
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4.3.2 Difference frequency generation stage

The Signal and Idler pulses generated by the OPA have perpendicular polarization (Sig-
nal: s-pol., Idler: p-pol.) according to the phasematching condition in the BBO crystal.
This is required for the following DFG process. The RG 1000 filter after the OPA is used
to remove contributions from 800 nm Pump light and not phasematched sum-frequency
generation light originating from interaction of the Pump wave with Signal and Idler
(Signal+Pump:green, Idler+Pump:yellow). Signal and Idler leave the OPA more or less
collinearly depending on the alignment and in addition slightly displaced in time due
to group-velocity-dispersion in the BBO crystal. Thus, for the precise adjustment of
the temporal and spatial overlap of Signal and Idler in the DFG process, the pulses
are divided by the dichroic mirror DM2. The Signal pulses are sent over a delay stage
(Delay S/I) and are collinearly recombined with the Idler pulses in the same dichroic
mirror. Both, Signal and Idler are focused with spherical gold mirrors (f=50 cm) into a
1 mm thick, type I silverthiogallate (AgGaS2) crystal, cut under θ = 39◦ and φ = 45◦ for
difference-frequency generation. Depending on the wavelength region of the mid-infrared
pulses, pulse energies of up to 350 nJ were achieved.

4.4 Pump-probe setup

In this section the pump-probe setup, consisting of the beam paths for the pump and
probe pulses, the spectrometer, the IR-detector, the signal processing electronics as well
as the the sample mounting, is described in detail. The optics part is shown in Fig. 4.4.

4.4.1 Pump and probe beam paths

After blocking the residual Signal and Idler beams with a long wave pass (LWP) filter
(high transmission for λ >2.6 µm), the MIR probe pulses are collimated by a spherical
gold mirror (f=50 cm). A 2:1 telescope, consisting of spherical gold mirrors with f=5 cm
and f=10 cm, increases the beam diameter by a factor of two. Thus, when focusing
the beam on the sample, the obtainable beam waist is reduced by this factor (see Sec-
tion 2.2.3). Spherical gold mirrors (f=15 cm) are used to focus the probe beam on the
sample and to recollimate the beam. It is then sent to the spectrometer. In front of the
sample and the spectrometer, attenuators can be placed to adjust the intensity of the
probe pulses, so that about 10 nJ arrive at the sample and that the IR-detector is below
the saturation regime. For attenuation, materials with high refractive index for high
reflection losses, but low absorption in the MIR, like silicon, germanium (both ∼50%
transmission) or zinc telluride (∼75% transmission) are used.

The 400 nm pump pulses are focused by a 30 cm lens into the sample. A pickoff (1%)
of this beam before the sample is directed on photodiode PD1 and after the sample
the pump beam is focused on a second photodiode PD2 for monitoring purposes. As
already explained in Sec. 3.4.2 a mechanical chopper is employed to block every other
laser shot. Whether a laser shot is blocked or not is determined by PD1. This serves to
decide about the sign of the change in optical density. The sample can be replaced by
a knife edge, which can be scanned perpendicular to the direction of beam propagation,
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Figure 4.4: Setup for the 400 nm pump - mid-infrared probe experiment. The MIR probe
beam coming from the AgGaS2 crystal is collimated and sent over a 2:1 telescope (f=5cm,
f=10cm concave mirrors) before being focused into the sample. After the sample the MIR
beam is directed to the spectrometer. A small fraction (1%) of the 400 nm pump beam is split
off by a pickoff before the sample in order to monitor with a photodiode (PD1) if the beam
is blocked by the chopper. The major fraction of the pump beam is focused into the sample.
The pump beam diameter at the sample position can be determined by a knife edge scan using
PD2 after the sample. With this arrangement of PD1 and PD2 one could in principle also
measure the absorption of the pump beam in the sample.

so that the beam diameter exactly at the place of the sample can be determined. As a
function of the knife edge position the unblocked beam intensity is measured by PD2.
In principle this arrangement of PD1 and PD2 before and after the sample could also
by employed to measure the absorption of the pump pulses in the sample.

4.4.2 Spectrally resolved infrared detection

In the spectrometer (Chromex 250 is/sm spectrograph/monochromator), the MIR pulses
are dispersed by a 150 l/mm reflective grating. They are detected by a 32-element
mercury cadmium telluride (MCT) photoconductive detector array (Infrared Associates,
Inc.). The resolution depends on the central wavelength of the MIR pulses, and ranges
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from 2-6 cm−1 per pixel. The signal of each detector-element is amplified by a 32-channel
preamplifier (Infrared Systems Development Corporation MCT-3200). Further signal
processing takes place in a home-built 32-channel boxcar array, where the signal is further
amplified, integrated and send to a analog to digital converter (National Instruments
PCI-6033E).

4.4.3 Flow cell mount

The sample is pumped through a flow cell with CaF2 windows by means of a peristaltic
pump (Cole Parmer, Masterflex L/S), so that the sample volume is completely exchanged
for each consecutive pump-probe pulse pair. The sample thickness was usually 100 µm.
The flow cell is mounted on a base, that can be moved in the directions of the probe
beam propagation (z-direction) and perpendicular (x-direction) by linear translation
stages. The movement in x-direction can be controlled by a step motor (Zaber). For
different purposes, the flow cell mount can be taken off the movable base and be replaced
by a pinhole to ensure spatial overlap of pump and probe, a thin germanium plate for
adjustment of the temporal overlap (see Section 4.5), another flow cell for measuring the
solvent only, or a knife edge. By performing a knife edge scan, the beam diameters of
pump and probe are determined, and can be matched by adjusting the optical elements
before. The pump beam diameter has to be larger than the probe beam diameter, so
that molecules in the entire probe volume are excited, which maximizes the transient
absorption signal. For the experiments in the following, the mid-infrared probe beam
diameter was 260 µm, and the pump beam diameter was 340 µm.
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Figure 4.5: Normalized spectra of the Signal and Idler pulses, that show the wide tunability
of the home-built OPA.
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Figure 4.6: Normalized spectra of the MIR probe pulses, that show the wide tunability from
4.3-7.0 µm of the home-built OPA/DFG system. The distortions in the spectra from 5.5 µm
on are due to the absorption of residual water vapor in the MIR beam path.

4.5 Characterization of the transient MIR spectrometer

4.5.1 Spectral tunability

The spectral tunability of the mid-infrared probe pulses is demonstrated in this section.
Fig. 4.5 shows normalized spectra of Signal and Idler pulses, indicating the wavelength
range, that is accessible by tuning the OPA via the phase-matching angle of the BBO
crystal. The Signal pulses lead to spectra from 1300-1450 nm and the Idler pulses to
spectra from 1800-2000 nm. The respective spectra (same color code) of the MIR pulses
generated by difference-frequency mixing of Signal and Idler can be seen in Fig. 4.6.
Tunability from 4.3-7.0 µm (2300-1450 cm−1) is shown here. In the region around 6.0 µm
water vapor in the MIR beam path heavily distorts the spectra. The bending vibration
mode of H2O is responsible for the strong absorption in this spectral region. Therefore
the whole setup has to be purged with dried air or nitrogen gas, when performing
transient absorption experiments in this region. Some residual absorption is still visible
in the spectra from 5.5 µm on.

The lower wavelength region, down to 3 µm can easily be reached, but this was not
necessary for this work, since none of the studied molecules in the following chapters have
vibrational bands in this region. Wavelengths above 7 µm should be feasible by using
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another AgGaS2 crystal with the appropriate phase-matching angle for this wavelength
region. But since these regions were not required for this thesis, that was not attempted.

4.5.2 Time resolution

The time-resolution of a UV pump - MIR probe experiment can be determined by a
cross-correlation measurement of pump and probe pulses in a semiconductor sample
[187], e.g. Si, Ge or ZnSe. UV radiation with photon energies, that exceed the band
gap of the semiconductor material, generates free carriers in the conduction band (CB)
almost instantaneously compared with the pulse durations. These free carriers can
populate a continuum of states in the conduction band (see Fig. 4.7a). Therefore MIR
radiation can be absorbed as long as the free carriers have not relaxed back to the valence
band (VB). Using this method the zero delay point of UV-pump and MIR-probe pulses
can easily be determined. By scanning the delay time ∆t between pump and probe
a step-like curve as shown in Fig. 4.7b can be recorded. At negative delay times no
difference in absorption can be measured, since no free carriers exist in the conduction
band. The small difference of about 50 fs in the zero delay point for pixels at the two
ends of the detector array, means that the MIR pulses are slightly chirped, since different
wavelengths arrive at different times at the semiconductor sample. The time resolution
in this and in other measurements was determined to be in the range of 200-300 fs.
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Figure 4.7: a) Free carriers are excited by the UV pump pulse from the valence band (VB)
to the conduction band (CB). The time delayed MIR probe pulse can then be absorbed by the
CB electrons. b) Transient absorption measurement in Ge with 400 nm excitation. The small
difference in zero delay point of 50 fs between pixel 2 (2146 cm−1) and pixel 31 (2020 cm−1)
indicates that the MIR pulses are slightly chirped.
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Figure 4.8: Coherent artifact from cross-phase modulation (XPM) in transient absorption
spectroscopy. The upper curve (red) shows a transient in which the coherent artifact is visible
as the peak around time zero. An independent measurement of the solvent only (green curve)
under the same experimental conditions reveals the contribution of the XPM effect. The
corrected transient (blue) is shown in the lower graph.

4.5.3 Coherent artifact

The coherent artifact is an unwanted nonlinear effect in liquid phase femtosecond tran-
sient absorption spectroscopy. It originates in the nonlinear interaction, called cross-
phase modulation (XPM), of the intense pump pulse with the solvent and the window
material of the flow cell [188, 189]. It has nothing to do with the dynamics of the
molecule or system that is investigated. During the interaction, the real part of the
refractive index n(t) of the optical medium is modulated according to

n(t) = n0 + n2

∣∣E(t)
∣∣2, (4.4)

where
∣∣E(t)

∣∣2 is the temporal envelope of the pump pulse. That leads to time-
dependent modulation of the phase and spectral redistribution in the probe pulse. This
affects the spectrally resolved probe pulse and gives rise to a signal around the zero
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delay point, where pump and probe overlap in time, and interferes with the evaluation
of the time-resolved data at very short delay times. It depends on the material of the
cell windows, the solvent, pulse intensity and duration, and on the chirp of the probe
pulse.

An example is given in Fig. 4.8, where a measured transient from -1 to 2 ps is shown,
which is obscured by the coherent artifact (upper curve - red). The same measurement
can be performed again with the solvent only in the flow cell (middle curve - green),
and so the contribution of the XPM effect to the transient in the upper red curve is
visualized. Ideally one should be able to correct for the XPM by subtracting the two
measurements from each other. But in reality this constitutes a difficult task, since the
experimental conditions have to be exactly identical for both measurements. When the
sample absorbs at the excitation wavelength a scaling factor has to be included [189].
In transient vibrational spectroscopy a second artifact, the perturbed free induction
decay (see next Section) also has to be taken into account. It manifests itself as e.g.
oscillatory features at short negative delay times, that are clearly visible in the red
transient in Fig. 4.8 . Then differentiating between molecular dynamics and artifacts
becomes even harder. Therefore the lower curve (blue) in Fig. 4.8, which is corrected
for the XPM effect (with an appropriate scaling factor), still exhibits a small dip right
after the zero delay point.

4.5.4 Perturbed free induction decay

In addition to the coherent artifact, an effect called perturbed free induction decay is
observed in ultrafast vibrational spectroscopy. It originates from the interaction between
the decaying vibrational coherence created by the infrared probing pulse with the pump
pulse. This interaction is possible, because the accessible time resolution in femtosecond
infrared spectroscopy is shorter than typical dephasing times of vibrational coherences.

t t

Probe Probe Pump

Er(t) Erτ(t)

τ<0

a) b) 

Figure 4.9: a) Free induction decay: The infrared probe pulse in resonance with a vibrational
transition of a molecular sample generates a coherent polarization which radiates the free
induction decay field Er(t). b) Perturbed free induction decay: The pump pulse arriving
after the probe pulse (negative delay time τ < 0) perturbs the free induction decay light field
which disappears upon electronic excitation (Erτ (t)). This results in a measured change of
absorbance. Illustration according to [190].
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For electronic transitions of molecules in solution the spectral linewidth is typically
on the order of 100-1000 cm−1. In the case of electronic homogeneous broadening, the
full width half maximum (FWHM) of the absorption line (in cm−1), is related to the
dephasing time T2, by T2 = 1/(100cπ∆νFWHM). Although electronic transitions may
have a significant inhomogeneous broadening component, it can still be deduced, that
the characteristic time for dephasing is on the order of 10 to 100 fs. In contrast to that,
for vibrational transitions line widths of only 5-25 cm−1 are common. That leads to a
phase relaxation time of up to 1000 fs, which is longer than the duration of an infrared
probing pulse of some 100 fs.

The appearance of the perturbed free induction decay (PFID) effect in ultrafast vi-
brational spectrocopy can be explained as follows [111, 190]: In UV pump - MIR probe
experiments, an intense pump pulse is used to induce a photoreaction. The response of
the sample is probed by monitoring the change in absorbance with a weaker probe pulse
as a function of temporal delay between pump and probe. Therefore an absorbance
change is expected only at positive delay times (when the pump arrives at the sample
before the probe). However, the infrared probing pulse can resonantly create a vibra-
tional coherence (coherent polarization), which decays with its characteristic dephasing
time T2. This coherent polarization acts as a source of radiation (the so-called free in-
duction decay) which decays with the dephasing time constant T2 illustrated in Fig. 4.9a
as the field Er(t). When the excitation pulse reaches the sample after the probing pulse,
it can not influence the intensity of the probing pulse itself. However it may influence
the temporal or spectral properties of the free induction decay signal of the sample
(Fig. 4.9b), whenever the electronic excitation process modifies the strength or position
of the absorption line. As a consequence, in the case of spectrally resolved detection, the
IR-detector will record a difference signal, which decays towards negative delay times
with time constant T2.

The temporal behavior of the perturbed free induction decay signal ∆T (ω, τ) can be
calculated with the following equations:

∆T (ω, τ) ∝

⎧⎪⎪⎨
⎪⎪⎩

−eτ/T2
cos[(ω − ωa)τ ]/T2 + (ω − ωa) sin[(ω − ωa)τ ]

(ω − ωa)2 + (τ/T2)2
for τ < 0

− 1

(ω − ωa)2 + (τ/T2)2
for τ > 0 ,

(4.5)

where ωa is the frequency of the vibrational line center, T2 the dephasing time, ω the
detection frequency and τ the delay time. This behavior is depicted in Fig. 4.10 for a
vibrational transition with central wavenumber at 2117 cm−1 and FWHM line width of
23 cm−1, corresponding to a phase relaxation time of 460 fs. The PFID signal is not
only present at the line center but also at frequencies close to it where characteristic
oscillations in the PFID signal are observed. The above equation is valid for δ-shaped
excitation and probing infrared pulses. Finite pulse duration can also be included to
the calculation, which leads to qualitatively similar PFID signal, with smoothing of the
signal changes at the zero delay point and more pronounced oscillations at the spectral
wings of the absorption line. In the case of infinite time resolution for δ-shaped pulses,
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Figure 4.10: Perturbed free induction decay signal simulated according to Eq. 4.5, for a
central wavenumber of 2117 cm−1 and a FWHM linewidth of 23 cm−1. It is exponentially
decaying towards negative delay times at the line center while in the wings of the absorption
line oscillations are observed.

perturbed free induction decay is observed only at negative delay times (τ <0), while the
reaction or relaxation dynamics of the sample occurs after the zero delay point at τ >0.
In an experiment with finite time resolution, a mixture of all these processes takes place
within the cross correlation time of the pump and the probe pulse. Thus, the observation
of fast molecular reactions is strongly hindered by perturbed free induction decay.

4.6 Conclusion

For the purpose of investigating ultrafast structural changes in photoreactions, a pump-
probe setup for femtosecond transient absorption spectroscopy in the mid-infrared was
constructed. It consists of a Ti:Sa pumped optical parametric amplifier with a sub-
sequent difference frequency mixing stage, where subpicosecond infrared probe pulses,
tunable in the region from at least 4-7 µm are generated. Typically the pulse to pulse
energy fluctuations of the mid-infrared probe pulses are about 0.5% and this leads to
detectable absorption changes on the order of 0.1 mOD with reasonable averaging time.
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With spectrally resolved detection, a wavenumber range of 80-150 cm−1, depending on
the spectral region of the mid-infrared pulses can be recorded in a single measurement.
The pump pulses are created by frequency doubling of the Ti:Sa fundamental to obtain
pulses at 400 nm. The instrumental response time, and thus the time resolution of the
experimental setup is 200-300 fs. In addition to the pulse generation, a flexible mount for
the flow cell in which the sample solution is pumped by a peristaltic pump, was designed
and built. It enables fast and easy alignment of the spatial and temporal pump-probe
overlap, beam diameter measurements as well as easy exchange of the sample.
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5 Femtosecond IR study of the
photoinduced Wolff rearrangement
of DNQ

5.1 Introduction

Diazonaphthoquinone (DNQ) derivatives are the photoactive compounds of photore-
sist materials, used in lithography for the production of integrated electronic circuits.
Novolak-DNQ mixtures are currently involved in the fabrication of more than 80 % of
the worlds integrated circuits [192]. A possible example of the photolithographic pro-
cess is schematically depicted in Fig. 5.1a. On top of a silicon oxide layer on a silicon
substrate, the photoresist is applied. Irradiation through a structured mask leads to
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Figure 5.1: a) The process of photolithography. b) Novolak resin. c) The dissolution inhibitor
DNQ. d) Possible combination of Novolak and DNQ.
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Figure 5.2: Scheme of the photoreaction of 2-diazo-1-naphthoquinones (1) according to Vleg-
gaar et.al. [191] . After diazo separation the still disputed carbene intermediate (2) is followed
by a ketene (3). Further reactions with the solvent ROH (e.g. water or methanol) lead to in-
dene carboxylic acid methyl ester (4) and, if the carbene exists 1-hydroxy-2-alkoxy-naphthalene
(5).

photoinduced changes of the properties of the photoresist material. In the development
step the exposed regions of the photoresist can be removed by use of an appropriate
solvent to produce the negative image. In these regions the unprotected silicon oxide
layer is removed by etching. Then another layer of material, e.g. metal is evaporated on
the structured silicon oxide layer.

Photoresist materials consist of three compounds, an organic solvent, the Novolak resin
and DNQ. The Novolak resin is a phenol-formaldehyde condensation polymer (Fig. 5.1b),
which is responsible for the film forming properties of the photoresist [193]. Films of
Novolak dissolve in aqueous alkali, but when small concentrations of DNQ (Fig. 5.1c) are
added the rate of dissolution is dramatically reduced. When irradiated with UV light
however the dissolution is even faster than for pure Novolak films, which makes Novolak-
DNQ mixtures ideal for the use as photoresist material in lithographic applications. In
Fig. 5.1d an example of the combination of DNQ and Novolak is shown. Another inter-
esting application is the potential use as phototrigger for the release of drug molecules
encapsulated in a micellar system [194, 195] initiated by two-photon excitation of DNQ
[196].
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The photoreaction of DNQ is an intramolecular rearrangement reaction known as the
Wolff rearrangement [197, 198]. After the loss of the diazo group a ketene is finally
formed. As shown in Fig. 5.2 the first step is the separation of the diazo group. This
reaction step has been studied for other diazo compounds, like in the case of an α-
diazoester [199] where a carbene is formed from the excited diazo compound within
hundreds of femtoseconds, while subsequent ketene formation is very slow. Additionally
ab initio calculations have located a variety of conical intersections for electronically
excited diazomethane that could give rise to rapid N2 loss [200]. However, for DNQ
the mechanism for the formation of the ketene intermediate (3) is still under discussion
[201]. Two different mechanisms have been proposed. Some authors favor a concerted
reaction, where the ketene is formed directly. In this case the nitrogen molecule is
released from the diazonaphthoquinone synchronously with the ring contraction [202].
Other groups support a stepwise reaction which includes the intermediacy of a carbene
(2) [191, 203, 204].

However, all these former investigations performed via Laser Flash Photolysis (LFP)
had two shortcomings. They only have access to time-resolved spectra in the UV/VIS
spectral region, which makes it quite hard to assign transient features to reaction prod-
ucts, as no structural information can be deduced. In addition most of these studies
were constrained to the nanosecond scale. The best time-resolution to date (8 ps) was
obtained by Vleggaar et al. [191].

In this work the first femtosecond spectroscopy experiments on DNQ are performed
in order to gain more insight into the reaction dynamics of the photoinduced Wolff
rearrangement reaction. The reaction is studied with mid-infrared transient absorption
spectroscopy with subpicosecond time resolution. The DNQ sample is characterized not
only in the UV/VIS spectral region, but also in the infrared. The assignment of features
in the vibrational spectra is confirmed by density functional theory (DFT) calculations
and normal mode analysis.

5.2 Steady state spectroscopy

5.2.1 UV/VIS absorption

The DNQ sample was purchased from Sigma Aldrich (Fluka, CAS: 2657-00-3) as 2-
Diazo-1-naphthol-5-sulfonic acid sodium salt hydrate. The structure of this diazonaph-
thoquinone derivative is shown in Fig. 5.3a . In all of the following experiments it
was used without further purification. Steady state absorption spectra in the UV/VIS
spectral region were recorded at room temperature with the commercial Hitachi-2000
photospectrometer. Around 400 nm DNQ has a strong absorption due to the S0 to
S1 electronic transition. Fig. 5.3b shows the absorption spectrum of DNQ dissolved in
methanol, which exhibits two broad bands, one around 320 nm and the other around
400 nm. Almost excactly the same spectrum is observed for DNQ dissolved in wa-
ter (not shown here). Therefore, the excitation wavelength of the pump pulse in the
time-resolved experiments (see Section 5.3) was chosen to be 400 nm.
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Figure 5.3: a) Molecular structure of 2-Diazo-1-naphthol-5-sulfonic acid sodium salt hydrate.
b) Steady state absorption spectrum of DNQ dissolved in methanol. It shows strong absorption
around 400 nm due to the S0 to S1 electronic transition.

5.2.2 Infrared absorption

Steady state infrared absorption measurements of DNQ were carried out in methanol so-
lution and in a solid form in a potassium bromide (KBr) pellet. In the latter case the sam-
ple together with KBr is pressed to a pellet under high pressure. This makes a solvent-
free measurement of the sample possible. Although there are interactions of the sample
with KBr, this technique is well suited for qualitative measurements. The infrared spec-
tra were recorded with a standard Fourier-Transform (FTIR) spectrometer (JASCO
Corp., FT/IR-410) with a resolution of 1 cm−1. The measured spectrum in Fig. 5.6
shows already the expected features. The C=N=N diazo stretching vibration around
2100 cm−1, as well as the CO stretch vibration bands from 1500-1700 cm−1 of DNQ can
be identified. These findings coincide quite well with infrared spectra of DNQ-Novolak
photoresists [205]. In these experiments on substituted ortho-naphthoquinonediazides
the splitting of the diazo stretching vibration into three overlapping bands and the five
bands in the CO stretching region are also present.

For the measurements in methanol and water, the dissolved DNQ sample was filled
in an IR transmission cell with CaF2 windows. The sample thickness was 50 µm. The
absorption spectrum from 1100–2300 cm−1 in methanol is shown in Fig. 5.4a and a
closer view on the diazo stretching vibration is given in Fig. 5.4b. In Fig. 5.5a and b
the measurement in water is shown. In some frequency regions strong absorption of the
used solvents prevent the analysis of the spectra. This is indicated by the grey regions
in the graphs. Spectra for DNQ in the solvent (red line) and the solvent only (black
line) were recorded, so that the vibrational spectrum could be corrected for the solvent
absorption (blue line). Overall the spectra in methanol and water are quite similar to the
spectrum recorded with DNQ incorporated in the KBr pellet, although the amplitudes
and frequencies of the vibrational bands are slightly different.
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Figure 5.4: a) Infrared absorption spectra of methanol only (black), DNQ in methanol (red)
and DNQ corrected for the solvent contribution (blue). The grey bar indicates regions, where
the solvent absorption is too strong preventing the evaluation of the spectra. b) Closer view
on the C=N=N stretching region around 2100 cm−1.
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Figure 5.5: a) Infrared absorption spectra of water only (black), DNQ in water (red) and
DNQ corrected for the solvent contribution (blue). The grey bar indicates regions, where the
solvent absorption is too strong preventing the evaluation of the spectra. b) Closer view on
the C=N=N stretching region around 2100 cm−1.
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Figure 5.6: Steady state infrared absorption spectrum of DNQ pressed in a KBr pellet.

5.2.3 Normal mode analysis

Quantum chemical density-functional calculations of the normal modes of DNQ with
the software package Gaussian 03 [206] provide the frequencies and intensities of the
vibrational bands in the ground state of the molecule. The calculations were carried out
for DNQ in vacuum for reasons of simplicity, as the inclusion of the solvent environment
often leads to numerical problems. The differences should be negligible. This calculation
helps to assign the observed absorption bands in the infrared spectra to the normal
modes of vibration. When this calculation is also performed for the products of DNQ,
that are expected during the course of the reaction, the appropriate vibrational modes
for monitoring the structural dynamics of the molecule can be chosen. The agreement
of the calculated and experimentally measured spectra usually is not perfect, but still
quite good, so that the spectral regions of interest can be identified.

In our calculations the density functional Becke three-parameter hybrid method [207,
208] in combination with the Lee–Yang–Parr correlation functional (B3LYP) [209] was
used. The molecular geometry was optimized using this functional with the 6-31G* basis
set. The calculations for the normal modes, and their amplitudes were carried out at the
6-311+G** level. The result for DNQ in vacuum is shown in Fig. 5.7. The obtained line
spectrum is convoluted with Lorentzian peak functions with 5 cm−1 FWHM in order
to illustrate the spectra in a more realistic way. The frequencies of the most prominent
modes and their assignment are given in Tab. 5.1. The comparison of the calculated
and the experimentally measured frequencies show quite good agreement. The, by far
strongest and most characteristic mode for DNQ is located around 2120 cm−1, which
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Figure 5.7: Quantum chemical DFT calculation of the vibrational normal modes of DNQ in
vacuum as obtained from DFT calculations using the (B3LYP) correlation functional with the
6-311+G** basis set. The line spectrum is convoluted with Lorentzian peak functions with
5 cm−1 FWHM. The moleculer structure shown is obtained by the geometry optimization in
Gaussian 03.

can be attributed to the C=N=N stretching vibration (no.2 in Tab. 5.1). Between
1500-1700 cm−1, where vibrations of the C=O group are expected, four weaker bands
are found, that can be assigned to combinations of C=O stretching and naphthalene
deformation modes (no.4–7 in Tab. 5.1) Other modes towards the lower frequency region
of the spectrum also exist, and are assigned to deformational modes of the naphthalene
rings and to contributions of the SO3–group. The nomenclature of the naphthalene ring
modes is according to [210], and ν(...) denotes stretching modes of the respective groups.

5.3 Transient absorption spectroscopy in the
mid-infrared

The initial steps of the Wolff rearrangement of DNQ are investigated in two different
solvent environments, methanol and water. For this purpose transient femtosecond
vibrational spectroscopy is employed in order to monitor the structural dynamics during
the photoreaction. Prior to that a normal mode analysis of possible intermediate and
product species is performed (Section 5.3.1). The transient absorption measurements are
presented in Section 5.3.2. Based on these results a reaction scheme will be established
and the dynamics of the product formation will be analyzed with a suitable fit model
(Section 5.3.3).

Daniel Wolpert: Quantum control of photoinduced chemical reactions (Diss. Univ. of Würzburg, 2008)



5.3 Transient absorption spectroscopy in the mid-infrared 67

Table 5.1: Spectral positions and assignment of calculated (DNQ in vacuum) and by FTIR
absorption spectroscopy experimentally measured (DNQ in methanol, see Fig. 5.4a; DNQ in
water, see Fig. 5.5a) most prominent vibrational modes in units of cm−1. ν(...) denotes the
stretching mode of the respective group and the numbers indicate the naphthalene ring modes
according to Ref. [210].

no. calc. MeOH H2O assignment

1 — 2164 2165 —
2 2121 2116 2127 ν(C=N=N)
3 — 2088 2087 —
4 1650 1612 — 3 + ν(C=O)
5 1624 1602 — 39 + ν(C=O)
6 1598 1567 — 19 + ν(C=O)
7 1568 1541 — 32
8 1422 1397 1400 4
9 1324 1264 1268 5
10 1301 1240 1234 20 + ν(C=N)
11 1167 1199 1195 42 + ν(S-O)
12 1149 1133 1133 6 + ν(S-O) + ν(C-S)

Table 5.2: Spectral positions and assignment of the most important calculated vibrational
modes in units of cm−1 of possible intermediate species during the photoreaction of DNQ. The
data in this table is from calculations, performed in vacuum. The numbering of the modes of
DNQ, and the nomenclature of the assignment is the same as in Tab. 5.1 . ν: stretching mode,
S: symmetric, As: antisymmetric, o.o.p.: out of plane.

species no. calc. assignment(character)

carbene 1 1612 39 + νS (C=O)
2 1575 39 + νAs(C=O)
3 1323 5
4 1268 21
5 1229 41
6 1172 42 + ν(S-O)
7 1150 22 + ν(C-S)

ketene 1 2117 ν(C=C=O)
2 1162 o.o.p.(C-S)
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Figure 5.8: DFT calculation of the normal modes of possible intermediate species of the
Wolff rearrangement reaction of DNQ. a) carbene, b) ketene. All calculations were performed
under the assumption of isolated molecules. The normal mode spectra were convoluted with
Lorentzian peak functions with 5 cm−1 FWHM.

5.3.1 Normal mode analysis of possible product species

For the time-resolved mid-infrared study of the photoinduced Wolff rearrangement of
DNQ, it is useful to know the spectral regions of vibrational modes for intermediate
species, that are possibly formed. According to the publications, dealing with the pho-
toreaction of DNQ [191, 201–204], carbene and ketene species are expected to occur after
the loss of N2. Therefore, the equilibrium geometry and the normal modes for the car-
bene and ketene species were also calculated using Gaussian 03 (for details see previous
section). The calculations were again performed for isolated molecules. The resulting
spectra are displayed in Fig. 5.8 and the calculated band positions and assignments are
listed in Tab. 5.2. From the calculated spectra, it can be deduced that the ketene can be
identified due to its C=C=O stretching mode with its characteristic absorption band at
2117 cm−1 (no. 1 in Tab. 5.2). This result agrees very well with low temperature matrix
isolation experiments performed by Pacansky et al. [205] where the corresponding ketene
band was observed at 2130 cm−1. From the calculated spectra, the interesting spectral
regions were identified to lie around 2100 cm−1, where not only the diazo (C=N=N)

Daniel Wolpert: Quantum control of photoinduced chemical reactions (Diss. Univ. of Würzburg, 2008)



5.3 Transient absorption spectroscopy in the mid-infrared 69

band of DNQ but also the C=C=O stretching vibration (2117 cm−1) of the ketene in-
termediate should be found. So both the bleaching dynamics of the reactant molecule
(DNQ) and the ketene formation should be observable in this region. Another important
spectral region is around 1600 cm−1, where the C=O stretching modes of DNQ and the
carbene, if it exists, will be present.

5.3.2 Product formation dynamics

The initial steps of the photoreaction of DNQ are investigated with femtosecond vi-
brational spectroscopy concentrating on the spectral region around 2100 cm−1, where
absorption from both DNQ and the ketene intermediate will be observed. DNQ is dis-
solved in methanol and pumped through a flow cell with 100 µm thickness. The optical
density of the sample solution is adjusted to about 1 OD at 400 nm, and the sample
is excited by the frequency doubled Ti:Sa pulses at a central wavelength of 400 nm. In
all experiments the pump pulses are focused to a beam diameter of 170 µm and their
energy is between 2 and 8 µJ. The wavelength of the infrared probe pulses is tuned to
the desired spectral region between 1500 and 2200 cm−1 and their energy is adjusted to
about 10 nJ by means of appropriate reflective filters. Absorption of water vapor in the
spectral region around 1600 cm−1, due to the ν2 bending vibration of H2O is strongly
reduced by purging the setup and the spectrometer with dried air and nitrogen gas when
performing measurements in this region.

Experimental results

The transient spectral evolution of DNQ after excitation with frequency-doubled Ti:Sa
pulses at a wavelength of 400 nm are displayed in Fig. 5.9a (methanol) and in Fig. 5.9b
(water). The change of absorbance in mOD is plotted as a function of probe wavenumber
and delay time for the spectral region from 2020 cm−1 to 2198 cm−1 for the measurement
in methanol and from 2070 cm−1 to 2203 cm−1 for the measurement in water, respec-
tively, and the delay times are ranging from -5 ps to 30 ps. In this two-dimensional
contour representation two important features can be distinguished and qualitatively
described as follows. First of all, a decrease in absorption at several spectral positions,
for DNQ in methanol at 2165 cm−1, 2117 cm−1 and 2084 cm−1 and for DNQ in water
at 2165 cm−1 and 2127 cm−1 (the bleach at 2087 cm−1 is very weak but present) are
observed as expected, corresponding to bleaching of the C=N=N stretching vibration
of DNQ in the electronic ground state upon photoexcitation (see infrared spectra in
Fig. 5.4b and Fig. 5.5b). In addition, a rising positive absorption is appearing in the
lower wavenumber region (at 2050 cm−1 in methanol and at 2070 cm−1 in water) right
after zero delay time and shifts and increases in strength towards higher wavenumbers
within about 10 ps in methanol and 3 ps in water. This strong new absorption band
located at 2128 cm−1 (methanol) and 2136 cm−1 (water) shows no further development
after about 20 ps for both solvents. As the positive absorption shifts from lower to
higher wavenumbers, the bleached bands are passed, and after the time evolution of this
band, some overlap of the bleached 2117 cm−1 band and the product band at 2128 cm−1

remains. The absorbance change at negative delay times is caused by perturbed free
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Figure 5.9: Two dimensional contour plot of the spectrally and temporally resolved transient
absorption signals of DNQ dissolved in a) methanol and b) water. The data shows bleaching
(negative changes in optical density) of the ground state vibrational modes of DNQ after
photoexcitation with 400 nm femtosecond pulses. A new band appears in the lower wavenumber
region and shifts in a) to 2128 cm−1 (methanol) within about 10 ps and b) to 2135 cm−1 (water)
within about 3 ps. Note the nonlinear color scale in both graphs.

induction decay and is not due to molecular dynamics [111, 190].
The time evolution can be further illustrated by cuts along the frequency axis (Fig. 5.10a

and Fig. 5.10b) of the two-dimensional contour representation in Fig. 5.9a and Fig. 5.9b
together with the mid-infrared absorption spectra. The transient spectra at fixed delay
times show again, the bleached ground state vibration and that the broad new positive
absorption shifts to higher wavenumbers. According to the DFT calculations and espe-
cially the experiments by Pacansky et al. [205] where the corresponding ketene band was
observed at 2130 cm−1, this band can be assigned to the ketene intermediate, because
it is located in the same spectral region (close to 2117 cm−1 and 2130 cm−1), where
the characteristic ketene C=C=O stretching mode is expected. After 50 ps no further
changes in the transient spectra are observed.

Discussion and suggested reaction scheme

Based on the collected data, a model for the photoinduced Wolff rearrangement of DNQ
shown in Fig. 5.11 can be deduced. After photoexcitation to the S1 electronic state
of DNQ, the excited state population can return back to a vibrationally hot electronic
ground state S0 of DNQ (v >0) with a certain probability. This is followed by vibrational
relaxation to the vibrational ground state (v=0). In the transient absorption data this is
indicated by the partial recovery of the bleach contributions after a few ten picoseconds.
This part of the excited population does not contribute to the photoproduct formation.
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Figure 5.10: Transient infrared spectra of DNQ in a) methanol and b) water recorded at
different delay times from 0.4 ps to 50 ps, showing the bleached vibrational bands of the educt
DNQ and the rising and shifting positive absorption originating from the ketene intermediate
from lower to higher wavenumbers. Steady state infrared spectra are displayed at the bottom.

The other possibility for the excited state population is to undergo Wolff-rearrangement,
which leads to formation of the ketene intermediate. The ketene is formed with an excess
of vibrational energy in a highly excited vibrational state denoted with v=vmax, which
relaxes over several intermediate vibrational states (vmax > v > 0) to the vibrational
ground state (v=0) of the ketene. The strong shift of the vibrational band, assigned to
the ketene, from lower to higher wavenumbers during relaxation to the v=0 vibrational
ground state is a very strong indication for the validity of this model, since the energy
difference between neighboring vibrational states is increasing due to anharmonicity. A
similar behaviour was observed by Laimgruber et.al. [141] in their study of the ketene
formation of ortho-nitrobenzaldehyde. There the strong shift of the ketene band was
explained by vibrational cooling.

Admittedly, the appearance of the ketene vibration in the lower frequency regime (at
2050 cm−1 in methanol and at 2070 cm−1 in water) right after zero time-delay is surpris-
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ingly fast. However, for the appearance of this new absorption band other reasons than
an initially hot ketene photoproduct are very unlikely. Certainly, it does not belong to a
carbene since it has no vibrational bands in the wavelength regime above 1650 cm−1 (see
Fig. 5.8). Although DFT calculations can never simulate real spectra with absolute cor-
rectness a deviation of more than 400 cm−1 can be excluded. An alternative explanation
for the positive contribution in the transient spectra could be excited state absorption
of the DNQ S1 state. Often the electronic excited state has vibrational absorption lines
in a similar spectral region as the ground state. If so, the transient spectra would solely
show the excitation process of the reactant, namely bleaching due to depletion of the
DNQ S0 ground state and an absorption increase related to population transfer to the
DNQ S1 excited state followed by vibrational cooling. However, this scenario cannot be
brought into accordance with the present data. The positive absorption corresponding
to the vibrationally relaxed state does not show any further dynamics on the accessible
time scale. That would mean, upon photoexcitation into the excited state, the popula-
tion undergoes vibrational cooling and then stays in the S1(v=0) state on the timescale
of nanoseconds without decaying to S0. This model is obviously wrong since the ground
state bleach recovers meanwhile, which implicates that population definitely returns to

DNQ (S0) DNQ (S1)

DNQ (S0) v>0

vibrationally 

hot

DNQ (S0) v=0

vibrational

ground state

Ketene v=vmax

Ketene vmax > v > 0

Ketene v=0

τ0

τ1

τ2

O

N2

SO3
-

C

O

SO3
-

hν

Figure 5.11: Model for the photoinduced Wolff-rearrangement of DNQ in methanol on the
basis of the collected transient absorption data. After photoexcitation the population in the S1

excited state of DNQ can either return to the S0 ground state or go the vibrationally excited
state (v >0) of the ketene photoproduct. Relaxation to the vibrational ground state v=0 of
the ketene takes about 10 ps.
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S0(v=0). The energy distance between the S0(v=0) and the S0(v=1) state is at least
0.2 eV which is much larger than the thermal energy kT at room temperature or the
bandwidth ∆ν of the employed laser. Hence, vibrationally excited states (v >0) in the
DNQ S0 state can neither be populated thermally nor in a in a pump-dump like process
so that they initially must have been empty. Thus, the only possibility for refill of the
S0(v=1) is repopulation from the S1 state through internal conversion associated with
a synchronous decay of the corresponding absorption. Further, fluorescence should be
expected in this case at wavelengths larger than the excitation wavelength of 400 nm.
However, Vleggaar et al. [191] report that no fluorescence can be observed upon pho-
toexcitation of DNQ in the wavelength regime between 450 nm and 700 nm. Finally,
if the argument is that molecules in excited states have vibrational lines in the vicinity
of their ground state bands a comparable positive S1 absorption should appear for the
four C=O lines around 1600 cm−1, which is not the case. On the basis of these facts the
newly-appearing absorption band is attributed to the ketene photoproduct. A detailed
discussion can also be found in [211, 212].

Ketene formation

In the transient absorption contour plots (Fig. 5.9a and Fig. 5.9b) the rise of the ab-
sorption band at lower wavenumbers (around 2050 cm−1 in methanol and 2070 cm−1 in
water), that is assigned to the ketene photoproduct, appears to be very fast. Therefore,
in order to deduce a rise time for the photoproduct formation, measurements at early
delay times with finer delay time steps have to be performed. This has been done at
suitable wavenumbers, namely at 2055 cm−1 in methanol and 2079 cm−1 in water. The
results are shown in Fig. 5.12. At negative delay times all transients exhibit a strong
contribution from perturbed free induction decay originating from the bleached absorp-
tion band of the DNQ educt in the vibrational ground state in the vicinity. This effect is
causing oscillations in the signal (see discussion in Section 4.5.4). Around zero delay time
possibly also a contribution from a coherent artifact (details in Section 4.5.3) is present.
For this reason, it is not possible to extract a rise time from the transients by a data
fitting procedure. However, since no delayed peak is observed in the transients, one can
conclude, that the rise time must be very short. As an upper estimate for the formation
time of the ketene, the experimental time resolution, the instrument response time can
be taken instead. In a separate measurement it was determined to be about 300 fs (see
Section 4.5.2). This means that the ketene photoproduct is formed from DNQ within
this time interval. If a carbene intermediate does or does not exist can not be revealed
with the time resolution of our transient mid-infrared spectrometer, but an upper limit
could be determined. Further measurements in the spectral region around 1600 cm−1

(only possible in methanol but not in water due to solvent absorption) were performed
to cross-check for a positive absorption change related to a carbene intermediate leading
to a negative result. Only bleaching of the C=O bands corresponding to DNQ as well
as small positive contributions shifting and coalescing into the bleach bands which are
attributed to a vibrationally hot DNQ ground state could be observed.
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Figure 5.12: Transients in the ketene formation region at early delay times, recorded at
2055 cm−1 in methanol (black circles) and at 2079 cm−1 in water (red squares) showing im-
mediate rise of the ketene absorption band within the time resolution of the experiment. The
oscillatory features at negative delay times are due to perturbed free induction decay originat-
ing from the neighboring bleached vibrational band belonging to DNQ.

5.3.3 Reaction model and fit

For a quantitative analysis of the transient absorption data, the fit model derived from
the schematic reaction model discussed above is depicted in Fig 5.13. It is assumed, that
the excitation process, the S1 → S0 transition in DNQ, and the formation of the ketene
photoproduct occurs instantaneously, which is reasonable, since the measurements indi-
cate a formation time faster than 300 fs, what is small compared to all other time scales
of the photoreaction. In the data fit the instrument response is taken into account by
convolution with a Gaussian with full width half maximum (FWHM) of 300 fs, while the
contributions around zero delay time due to a coherent artifact and perturbed free in-
duction decay have been omitted in the data fits. The quantum yield of a photo-induced
process is the number of times that a defined event (usually a chemical reaction step)
occurs per photon absorbed by the system. Thus, the quantum yield is a measure of the
efficiency with which absorbed light produces some effect. Therefore the probability for
Wolff-rearrangement and ketene formation is denoted with the quantum yield Q, while
1 − Q is the probability for population transfer back to the DNQ S0 electronic ground
state. The initial excited state population in S1 is NS1 . The time evolution of the pop-
ulation can be described by a set of rate equations with appropriate initial conditions.
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Figure 5.13: Model for the photoinduced Wolff rearrangement of DNQ in methanol on the
basis of the collected transient absorption data. NS1 is related to the excited state population,
NA the fraction of the population returning to a hot ground state and NB the population
that has refilled the S0 vibrational ground state of DNQ. N1, N2 and N3 are the populations
in the ketene hot ground states v=vmax, vmax > v > 0 and the vibrational ground state v=0
respectively.

The labeling of the fit model parameters, such as populations Ni and the respective time
constants τi (or decay constants λi, which are 1/τi) is according to Fig 5.13. The time
evolution of the population can be described by a set of rate equations with appropriate
initial conditions

dNA(t)

dt
= −λ0 NA , NA(0) = (1 −Q)NS1

dNB(t)

dt
= λ0NA , NB(0) = 0

dN1(t)

dt
= −λ1 N1 , N1(0) = QNS1

dN2(t)

dt
= λ1N1 − λ2N2 , N2(0) = 0

dN3(t)

dt
= λ2N2 , N3(0) = 0 .

(5.1)

Thus, the partial recovery of the bleach contributions, meaning the partial refilling of
v=0 during vibrational relaxation in the DNQ electronic ground state S0 is described by

NA(t) = (1 −Q)NS1 exp(−t/τ0) (5.2)

NB(t) = (1 −Q)NS1 [1 − exp(−t/τ0)] . (5.3)

Consequently the bleach dynamics of the ground state vibrations of DNQ is modelled
by

DNQ(t) = −σB [NS1 −NB(t)], (5.4)
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where σB is a factor proportional to the absorption cross section of the respective
bleached vibrational band. At t=0 the bleach signal is proportional to the amount
of population, that left the S0 (v=0) ground state and is excited to S1. After the re-
filling of the S0 (v=0) vibrational ground state, the bleach signal is a measure for the
quantum yield of the reaction by being proportional to −QNS1 . Under the conditions of
our experiments it is determined to be 0.32 in both methanol and water as obtained from
the respective transients at 2165 cm−1. At other excitation wavelengths the quantum
yield might be different.

The population dynamics during vibrational relaxation of the ketene photoprod-
uct, including the vibrationally hot (v=vmax) state, the intermediate vibrational states
(vmax > v > 0) and the vibrational ground state (v=0) are described by

N1(t) = QNS1 exp(−t/τ1) (5.5)

N2(t) = QNS1

τ2
τ1 − τ2

[exp(−t/τ1) − exp(−t/τ2)] (5.6)

N3(t) = QNS1

[ τ1
τ2 − τ1

exp(−t/τ1) −
τ2

τ2 − τ1
exp(−t/τ2) + 1

]
, (5.7)

where τ1 is the filling time and τ2 the depletion time of the intermediate vibrational
levels for the respective frequency interval. Hence, the transient absorption signals for
the ketene photoproduct formation are modelled by

Ketene(t) =

{
σ1N1(t) for v = vmax
σ2N2(t) for vmax > v > 0
σ3N3(t) for v = 0

. (5.8)

including again suitable σi factors proportional to the absorption cross sections of the
respective vibrational transitions. This effective description of the transient passage of
vibrational levels is similar to Ref. [131]. Note that the measured signals are the net
difference between absorption from v → v+1 and stimulated emission from v+1 → v.

The results of the data fits for DNQ in methanol are displayed in Fig. 5.14 (DNQ in
water in Fig. 5.15), where the different contributions (DNQ bleach in green, ketene ab-
sorption in blue) and the overall results (red curves) are shown. The resulting time con-
stants for the measurements in both solvents methanol and water are listed in Tab. 5.3.
The fitting procedure leading to these results was as follows. At 2165 cm−1 there is only
bleach of the absorption band of DNQ in the electronic ground state and therefore a fit
by using Eq. 5.4 provides the quantum yield Q of the reaction, which is used for all other
fits. In all other transients, contributions from bleach and from the appearing ketene
photoproduct have to be taken into account. Depending on the wavenumber, N2(t) (for
intermediate vibrational levels) or N3(t) (only for the vibrational ground state of the
ketene, i.e. for 2123 cm−1 and 2128 cm−1) has to be chosen for the data fit. Since
the bleach contribution in all transients originate from the same vibration, the time
constants τ0 are assumed to be the same.

The relatively simple model introduced above, with only two contributions to the
transient absorption, bleach of the C=N=N stretch vibration of DNQ and the appearance
of the C=C=O stretch vibration of the ketene photoproduct, fits the experimental data
very well. The solvent dependence of the vibrational cooling time constant for the
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Figure 5.14: Temporal evolution of the absorption changes at fixed spectral positions for
DNQ in methanol. Bleach contributions in all transients are related to the DNQ educt bands
in the ground state. The new absorption band and its shift to higher wavenumbers can be
observed in the transients from 2084 cm−1 to 2128 cm−1. The green curve represents the DNQ
bleach contribution according to Eq. (5.4), the blue curve the ketene contribution (N3(t) for
2128 cm−1 and 2123 cm−1 and N2 for the other transients) the red curve the sum of both.
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Figure 5.15: Temporal evolution of the absorption changes at fixed spectral positions for
DNQ in water. Bleach contributions in all transients are related to the DNQ educt bands
in the ground state. The new absorption band and its shift to higher wavenumbers can be
observed in the transients from 2114 cm−1 to 2136 cm−1. The green curve represents the DNQ
bleach contribution, the blue curve the ketene contribution and the red curve the sum of both.
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Table 5.3: Quantitative results of the data fit of the measured transients for DNQ in methanol
(MeOH) displayed in Fig. 5.14 and of the corresponding measurement in water (H2O) shown
in Fig. 5.15.

ν [cm−1] τ0 [ps] τ1 [ps] τ2 [ps]

MeOH 2165 8.7±0.2 — —
2128 8.7±0.2 2.3±0.1 9.1±0.2
2123 8.7±0.2 1.6±0.1 6.3±0.1
2105 8.7±0.2 1.4±0.1 6.3±0.1
2096 8.7±0.2 1.0±0.1 5.3±0.1
2084 8.7±0.2 0.8±0.1 4.9±0.1

H2O 2165 1.7±0.1 — —
2136 1.7±0.1 0.3±0.1 3.1±0.1
2123 1.7±0.1 1.1±0.2 1.5±0.3
2114 1.7±0.1 0.3±0.1 1.8±0.1

ketene intermediate (10 ps in methanol and 3 ps in water) can be explained in terms
of solvent properties. Since excess vibrational energy is transferred from the hot solute
to the surrounding solvent, hydrogen bonding with the solvent and among the solvent
molecules themselves as well as the overlap of the vibrational spectrum of solute and
solvent [213, 214] can play an important role for the efficiency of energy transport away
from the solute molecule. Also of importance might be the dissipation of energy in
the solvent that can be described by the conduction of heat. The thermal diffusivity
[215, 216] represents the most important material parameter for this case. It is defined
as κ=λM/Cρ, where λ is the thermal conductivity, M the molecular weight, C the
specific heat and ρ the density of the solvent. The higher thermal diffusivity of water
(κH2O=14.4 10−8m2/s, κMeOH=10.2 10−8m2/s) and stronger hydrogen bonding possibly
results in faster vibrational cooling compared to methanol.

5.4 Conclusion

In this chapter, the photoinduced Wolff-rearrangement reaction of 2-diazo-1-naphtho-
quinone (DNQ) has been investigated. Steady state absorption measurements in the
mid-infrared in combination with quantum chemical DFT calculations revealed the
characteristic vibrational bands of DNQ. The C=N=N stretching vibration around
2116 cm−1 turned out to be the most prominent feature. For the expected photo-
products (e.g. ketene), the calculations predict the spectral positions of the absorption
bands which are suspected to appear. A transient absorption study is performed, to
illuminate the structural dynamics of the ultrafast rearrangement reaction of DNQ, the
formed photoproducts, intermediates and the characteristic time scales of the reaction
steps.

The experimental observations indicate that the initial steps of the Wolff rearrange-
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ment reaction of DNQ are very fast. The separation of the diazo-group, subsequent ring
opening, rearrangement and closure of the ring to form the ketene occurs within 300 fs,
which is the time resolution of our experiment. This finding shows that no statement
on the possible existence of a carbene intermediate, as proposed in recent experiments
[191, 203, 204] can be given. If a carbene intermediate exits, it must have a very small
lifetime.

From the time-resolved data a model for the relaxation dynamics of the ketene pho-
toproduct and DNQ after photoexcitation can be deduced. Population in the excited
state of DNQ is either performing the Wolff-rearrangement reaction or is returning to
the ground state. From the partial recovery of the ground state bleach of DNQ the
quantum yield of the reaction is determined to be about 0.32 for both solvents. The
ketene right after its formation has an excess of vibrational energy and the relaxation can
be monitored by the shifting absorption band of the C=C=O vibration of the ketene.
The vibrational relaxation dynamics in methanol with a time constant of about 10 ps,
is much slower than in water (3 ps).
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photoreaction of DNQ

After the remarkable success of control over molecular fragmentation processes in the
gas phase, control of liquid or condensed phase processes became a fascinating field
for the application of femtosecond quantum control. So far only control and optimiza-
tion or deoptimization of relatively simple condensed phase processes, like the efficiency
of photoexcitation and isomerization, using single parameter as well as adaptive ap-
proaches have been demonstrated ([85] and references therein). Selective control over
the population of different dissociation channels or more complex molecular rearrange-
ment reactions than isomerization, has not been demonstrated yet.

For control experiments in the condensed phase, different techniques for monitoring
and visualizing the time evolution of the quantum system, or the outcome of a chemical
reaction can be employed. Most of these techniques are optical spectroscopy methods,
such as emission spectroscopy or transient absorption spectroscopy. Usually these signals
lie in the visible wavelength region of the electromagnetic spectrum. Therefore they offer
only limited information about the structural changes during more complex photoreac-
tions. In addition it is not easy to find spectral regions, that can be unambiguously
assigned to specific products or intermediates during the reaction, because electronic
transitions (absorption bands) in the condensed phase are quite broad and usually cover
a range on the order of 1000 cm−1. This means that for an experiment, where the
goal is to control more complex photoreactions, which include structural changes of the
molecule under study, one has to come up with a spectroscopic technique that is ap-
propriate for this task. In contrast to electronic transitions, vibrational transitions in
the mid-infrared spectral region provide structural information and the probability of
bands overlapping with each other is much less, due to narrow transitions on the order
of 10 cm−1. Thus, using transient absorption spectroscopy in the mid-infrared offers the
possibility to find appropriate spectroscopic signals, that are specific for different molec-
ular configurations, as they would occur in rearrangement or dissociation reactions. For
this reason, infrared detection will be applied to monitor the outcome of the photoreac-
tion of DNQ (for details refer to Chapter 5) upon excitation with shaped femtosecond
laser pulses. The ketene intermediate after Wolff rearrangement of DNQ dissolved in
methanol will be the objective of all the following quantum control experiments. The
spectroscopic signature is the transient absorption signal of the appearing vibrational
band assigned to the ketene at 2128 cm−1 and 50 ps delay time (see Fig. 5.14), where
vibrational relaxation of the initially hot ketene is already over.

At first, single parameter quantum control schemes will be employed, using the lin-
ear chirp (Section 6.1) and colored double pulse (Section 6.2) parametrizations. Then
an adaptive multiparameter control concept using a closed learning loop is applied and
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adaptive optimizations that seek to enhance the ketene formation during the photore-
action of DNQ are performed (Section 6.3).

6.1 Control by chirped pulse excitation

Linearly chirped pulses are employed to study the response of the photo-induced Wolff
rearrangement reaction of DNQ on the chirp parameter. The chirped pulses are created
by applying a quadratic spectral phase to femtosecond pulses with a Gaussian spectrum.
The instantaneous frequency is therefore changing linearly with time. Depending on the
sign of the quadratic spectral phase, one can obtain ”up-chirped” (positively chirped)
pulses, where the lower frequencies precede the higher frequencies, or ”down-chirped”
(negatively chirped) pulses, where the momentary frequency is decreasing with time.

6.1.1 Mathematical description of chirped pulses

For a pulse with a Gaussian spectrum of FWHM ∆ω and a second-order spectral phase
modulation, i.e. all Taylor coefficients bj are equal to zero except for b2 in Eq. (2.8), the
electric field in the spectral domain becomes

E+(ω) = cω exp

(
−2 ln(2) (ω − ω0)

2

∆ω2

)
exp
(
−ib2

2
(ω − ω0)

2
)
, (6.1)

which after inverse Fourier transform (2.4) leads to the temporal electric field

E+(t) = ct exp

(
− 2 ln(2)∆ω2 t2

[4 ln(2)]2 + b22∆ω
4

)
exp

(
iω0 t+ i

b2 t
2

2[4 ln(2)]2/∆ω4 + 2b22

)
, (6.2)

where the quantities cω and ct are constants. From the properties of the Fourier trans-
form it follows for a Gaussian spectrum, that the shortest pulse duration ∆t0 obtainable
with a spectral width ∆ω is determined by the minimal time-bandwidth product (2.23)

∆t0 =
4 ln(2)

∆ω
. (6.3)

This can be plugged into Eq. (6.2) and the amplitude function A(t) can be rewritten as

A(t) = exp

(
− 2 ln(2)∆ω2 t2

[4 ln(2)]2 + b22∆ω
4

)
= exp

(
− 2 ln(2)∆t20 t

2

∆t40 + [4 ln(2)]2b22

)
. (6.4)

This envelope function of E+(t), and therefore I(t), is also a Gaussian. However, for
b2 �= 0, I(t) is stretched in time, leading to the new temporal FWHM ∆t(b2)

∆t(b2) =

√
∆t20 +

[4 ln(2)]2b22
∆t20

=
√

∆t20 + b22∆ω
2 , (6.5)
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Figure 6.1: Linearly chirped laser pulses. a) Spectral intensity (black line) of a femtosecond
laser pulse around a center wavelength of 800 nm with spectral width of 12 nm and spectral
phases of a transform limited pulse (zero phase, red dashed line) and the quadratic phase
(red line) corresponding to an up-chirped pulse with b2=12000 fs2. b) Temporal intensity
of the transform-limited pulse (black dashed line) and the up-chirped pulse (black line) and
corresponding temporal phases. c) momentary frequencies of the transform-limited pulse (black
dashed line) and the up-chirped pulse (black line).

which in the case of b2 = 0 reduces to the minimal temporal width ∆t0, while the pulse
is elongated in time for all b2 �= 0. The momentary frequency ωm(t) reveals that the
pulses are actually linearly chirped, i.e. that ωm(t) changes linearly with time:

ωm(t) =
d

dt

(
ω0 t+

b2 t
2

2[4 ln(2)]2/∆ω4 + 2b22

)
= ω0 +

b2
[4 ln(2)]2/∆ω4 + b22

t . (6.6)

The sign of the linear slope

a(b2) =
b2

[4 ln(2)]2/∆ω4 + b22
, (6.7)

describes whether lower frequencies precede higher ones (up-chirped pulse, b2 > 0) or
vice versa. With Eq. (6.7) the expression for the momentary frequency (6.6) becomes

ωm(t) = ω0 + a(b2) t . (6.8)

An illustrating example is shown in Fig. 6.1a-c. The spectral intensity of a laser
pulse centered around 800 nm with a FWHM of 12 nm is depicted in Fig. 6.1a (black
line) together with the spectral phases of a bandwidth-limited (dashed red line) and
an up-chirped (red line) pulse with b2=12000 fs2. These values are chosen such that
they resemble the laser pulses delivered by our laser system. The resulting temporal
intensities according to the square of Eq. (6.4) and the temporal phases are given in
Fig. 6.1b. The corresponding momentary frequency ωm(t) from Eq. (6.6) is displayed in
Fig. 6.1c and as one can see it rises linearly for the up-chirped pulse. The bandwidth-
limited pulse has a duration of 79 fs, while the chirped pulse is stretched to 430 fs
according to Eq. (6.5).
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Figure 6.2: Chirped pulse excitation of DNQ at 400 nm. Variation of the quadratic spectral
phase (linear chirp) of the excitation pulses as a function of pulse energy (intensity at the
sample position). The transient absorption signal of the ketene photoproduct at 2128 cm−1

after 50 ps, divided by the energy (SHG) of the 400 nm pulses is the measured quantity. For
higher pulse intensities the chirp dependence of the signal is much stronger.
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6.1.2 Experimental results

The setup for this experiment is the pump - probe setup shown in Fig. 4.1 that was
already used for the time-resolved mid-infrared absorption study of DNQ in chapter 5.
The linearly chirped excitation pulses were obtained by applying a quadratic spectral
phase on the pulses from the Ti:Sa amplifier system at the fundamental wavelength of
800 nm. Subsequent frequency doubling in a 100 µm thick BBO crystal leads to chirped
second harmonic pulses with a central wavelength around 400 nm. In general, frequency
doubling of phase-modulated pulses results in phase and amplitude shaped second har-
monic pulses [217], but for the case of linear chirp no amplitude modulation occurs
[218, 219]. For Gaussian shaped or similarly smooth spectra with only quadratic spec-
tral phase, the phase maps proportionally over to the second harmonic spectrum. The
Taylor coefficients of the spectral phase are connected by b2(400 nm)=1/2 b2(800 nm).
However, the absolute amplitude of the generated second harmonic pulses depends on
the chirp of the fundamental pulses, since SHG is a nonlinear process, which strongly
depends on the intensity of the applied pulses. Therefore all the transient absorption
signals recorded with shaped second harmonic pulses have to be normalized by the sec-
ond harmonic pulse energy to be able to compare the effect of the frequency ordering
of differently chirped pulses. Otherwise the dominating effect would be the difference
in intensity. This normalization is done by simultaneously detecting a pickoff from a
glass plate, that is inserted in the excitation beam path before the sample flow cell (see
Fig. 4.4) by a reference photodiode. This signal is proportional to the pulse energy of the
400 nm pulses, and division of the infrared absorption change by this signal leads to the
relative photoproduct yield per pulse energy. Before the chirp parameter scan and all
other experiments with shaped pulses, the 800 nm pulses are adaptively compressed, us-
ing the learning algorithm (Sec. 3.5) to maximize the second harmonic yield [42–47]. The
resulting optimal phase pattern is then used as an offset for the following experiments.

Figure 6.3: Chirp dependence
as a function of excitation pulse
intensity. Difference of infrared
absorption (ketene photoprod-
uct at 2128 cm−1 after 50 ps)
normalized by SHG yield for lin-
ear chirp with different sign at
± 714 fs2.
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Figure 6.4: Transient absorption spectra in the region of 2150–2020 cm−1 from 1–50 ps for a)
up-chirped and b) down-chirped excitation pulses. No difference except the overall magnitude
of absorption change due to the chirp sign is observed.

The results of the chirp parameter variation are shown in Fig. 6.2. The quadratic
spectral phase, leading to linearly chirped excitation pulses around 400 nm is scanned
and the transient absorption signal of the appearing ketene intermediate after Wolff-
rearrangement of DNQ, at 2128 cm−1 and 50 ps delay time, divided by the energy
(SHG) of the 400 nm pulses is measured for different excitation pulse intensities. For
small excitation intensities, starting with 0.6x1010 W/cm2 (EP=1.2 µJ, w0=180 µm,
∆t=200 fs) almost no dependence on the linear chirp is observed and the signal-to-noise
ratio is quite low. But when the pulse intensity is increased, the chirp dependence
of the signal is becoming stronger, until at the highest pulse intensity employed the
chirp dependence is very distinct. The curve corresponding to 5.1x1010 W/cm2 shows a
minimum at negative quadratic spectral phase around -700 fs2, meaning that a slightly
down-chirped pulse leads to less photoproduct formation than the transform limited
pulse at zero quadratic spectral phase at b2=0. At the same chirp with positive sign
(+700 fs2) much more photoproduct is formed. This is additionally visualized in Fig. 6.3
by plotting the difference in photoproduct yield for different chirp signs (at ± 714 fs2)
as a function of the excitation pulse intensity.

Daniel Wolpert: Quantum control of photoinduced chemical reactions (Diss. Univ. of Würzburg, 2008)



6.1 Control by chirped pulse excitation 87

rescaled so that both 

transients  match

a) b)

b2 = +578 fs2

b2 = - 578 fs2

0 10 20 30 40 50 60

Delay Time [ps]

0 10 20 30 40 50 60

Delay Time [ps]

-4

-2

0

2

4

6

∆A
b
s.

 [m
O

D
]

Figure 6.5: a) Transients at 2123 cm−1 for up-chirped (red curve) and down-chirped (blue
curve) excitation pulses reflecting the result of the chirp parameter scan. b) Rescaled transients
show the same time dependence, which means that variation of the chirp parameter does not
influence the temporal dynamics of the photoreaction.

6.1.3 Influence of chirped pulse excitation on photoproduct
formation

In this section the question, whether chirped pulse excitation also influences the photo-
product formation dynamics of the Wolff-rearrangement reaction of DNQ, is addressed.
Therefore, transient absorption spectra like in Sec. 5.3 are recorded for chirped exci-
tation pulses with different signs of the quadratic spectral phase. The absolute value
of the applied chirp is chosen to be close to the position of the minimum at negative
chirp in the chirp parameter scan shown in Fig. 6.2. The resulting transient spectra for
the up-chirped and down-chirped pulses of the same duration and energy are displayed
in Fig. 6.4 . At all delay times they show no difference concerning the dynamics, ex-
cept their absolute magnitude, which reflects the result already obtained in the chirp
parameter scan. For positive linear chirp a higher amount of the ketene photoproduct
is formed.

Additionally, for different chirp signs the transients at 2128 cm−1 as a function of delay
time, depicted in Fig. 6.5a exhibit the same behavior. The transients can be rescaled by a
suitable factor, so that both transients perfectly match (see Fig. 6.5b). This means, that
the chirp parameter has no influence on the dynamics of the photoreaction, following
the excitation of DNQ from the S0 to the excited potential energy surface S1.

6.1.4 Discussion

The results of the experiments described in the previous section can be summarized as
follows. Slightly negatively chirped pulses lead to less photoproduct formation and this
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Figure 6.6: Intrapulse dumping mecha-
nism. The excited-state wave packet is ini-
tially created by an excitation pulse in the
Franck-Condon (FC) region of the S1 PES.
Within this laser pulse, population can also
be transferred back to the S0 PES again.
The efficiency of the overall photoexcitation
depends on the laser pulse shape and can be
monitored by a suitable signal, e.g. by stim-
ulated emission (dashed arrow) with a probe
pulse after the interaction of the system with
the excitation pulse or as here with a mid-
infrared transient absorption signal (adapted
from Ref. [220]). reaction coordinate
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effect is more pronounced for higher excitation intensities. The dynamics of the pho-
toreaction is not influenced by the linear chirp (see Fig. 6.5). This allows the conclusion,
that the reduction / enhancement of photoproduct yield for down- / up-chirp is due to
an intrapulse dumping mechanism (see Fig. 6.6). This is a well-known mechanism and
has been studied many times experimentally and theoretically [220–223]. The amount of
excited molecules significantly depends on the chirp imposed on the laser pulse. Pulses
with down-chirp, where high frequencies precede lower frequencies excite less molecules
than pulses with up-chirp of the same energy. The first part of the laser pulse forms a
wavepacket on the excited state potential energy surface. Wavepacket evolution along
the reaction coordinate is usually accompanied by a reduced potential energy gap be-
tween S0 and S1, so that lower frequency photons in the second part of the laser pulse
can transfer population back down to the S0 ground state. For negative chirp (b2 <0)
the momentary frequency is decreasing, and so the shrinking S0-S1 energy gap can be
matched. Thus, population is efficiently brought back to the S0 ground state, and less
molecules remain in the S1 excited state. As a consequence also less photoproduct is
formed in consecutive reaction steps. For positively chirped pulses, intrapulse dumping
is successfully prevented or at least minimized by exhibiting an increasing momentary
frequency and hence more molecules are excited than with transform limited or nega-
tively chirped pulses. Intrapulse dumping needs two interactions within the same laser
pulse, therefore it is strongly depending on the intensity of the laser pulse. That is ex-
actly what we observe in our experiment. Also the fact, that the following dynamics of
the photoreaction is not influenced by the chirp is explained by the intrapulse dumping
scenario, since it affects only the excitation to the S1 potential energy surface.

The knowledge of this mechanism can be used generate a higher photoproduct yield.
In this case when up-chirped pulses are employed a much higher ketene yield is obtained
compared to an unshaped pulse.

Daniel Wolpert: Quantum control of photoinduced chemical reactions (Diss. Univ. of Würzburg, 2008)



6.2 Double pulse excitation 89

-500 0 5002.30 2.35 2.40 -500 0 500

time [fs]angular frequency [rad/fs] time [fs]

0.0

0.5

1.0

sp
e
ct

ra
l i

n
te

n
si

ty
 [
n
o
rm

.]

0.0

0.5

1.0

-5π

0

5π

10π

te
m

p
o
ra

l i
n
te

n
si

ty
 [
n
o
rm

.]

 s
p
e
ct

ra
l p

h
a
se

 [
ra

d
]

-5π

0

5π

10π

2.30

2.35

2.40

 t
e
m

p
o
ra

l p
h
a
se

 [
ra

d
]

m
o
m

e
n
ta

ry
 f
re

q
u
e
n
cy

 [
ra

d
/f
s]

a) b) c)

Figure 6.7: Colored double pulses. a) Spectral intensity (black line) of a femtosecond laser
pulse around a center wavelength of 800 nm with spectral width of 12 nm (same parameters as
in Fig. 6.1) and spectral phases of a transform limited pulse (zero phase, red dashed line) and
the triangular phase (red line) corresponding to a colored double pulse with ∆τ

2 =500 fs leading
to a pulse separation of 1000 fs. b) Temporal intensities of the transform-limited pulse (black
dashed line) and the colored double pulse (black line) and corresponding temporal phases.
c) momentary frequencies of the transform-limited pulse (black dashed line) and the colored
double pulse (black line).

6.2 Double pulse excitation

Another pulse parametrization besides linear chirp has also been employed for the in-
vestigation of the intrapulse dumping mechanism [81, 82, 224]. In this systematic study
the two time domain parametrizations, linear chirp and colored double pulses have been
compared and the question whether their influence on the excitation of a molecular
system is equivalent was addressed. Therefore it is quite natural to also apply colored
double pulses to the photoreaction of DNQ. This could provide additional insights be-
cause two separated pulses are employed. With such a scheme a pump-dump mechanism
can be exploited for the control of a reaction.

After introduction of the colored double pulse parametrization (Sec. 6.2.1) the impact
of colored double pulses on the ketene formation of DNQ is analyzed and related to
chirped pulse excitation (Sec. 6.2.2).

6.2.1 Mathematical description of colored double pulses

First-order spectral phase modulation with the coefficient b1 �= 0 (2.8) leads to a temporal
shift of the laser pulse. Therefore, the envelope of the temporal electric field is not
changed by an additional b1 �= 0, but only shifts it in time. Thus, by applying different
b1 values to certain spectral regions of the laser pulse spectrum one can create pulse
sequences. In the literature, this procedure has already been described [224, 225] and
has been applied several times [224–230]. Colored double pulses can be generated by a
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triangular spectral phase modulation

φ(ω) =
∆τ

2

(
ω − (ω0 + δω)

)
sgn
(
ω − (ω0 + δω)

)
, (6.9)

where ∆τ is the separation of the double-pulse (“double triangular phase slope”) and
ω0 + δω is the so-called “spectral break point”, i.e. the frequency where the sign of this
linear spectral phase slope is flipped. With this spectral phase modulation, the electric
field in the spectral domain is given by

E(ω) = cω exp

(
−2 ln(2) (ω − ω0)

2

∆ω2

) {
exp
(
+i∆τ

2
(ω − ω0 − δω)

)
for ω < ω0 + δω

exp
(
−i∆τ

2
(ω − ω0 − δω)

)
for ω > ω0 + δω

.

(6.10)

The inverse Fourier-transform (2.4) takes the form

F−1
{
E+(ω)

}
∝ exp

(
−i∆τ

2
(ω0 + δω)

) ω0+δω∫
−∞

exp
(
−2 ln(2) (ω−ω0)2

∆ω2

)
exp
(
iω(t+ ∆τ

2
)
)
dω

+ exp
(
i∆τ

2
(ω0 + δω)

) +∞∫
ω0+δω

exp
(
−2 ln(2) (ω−ω0)2

∆ω2

)
exp
(
iω(t− ∆τ

2
)
)
dω

(6.11)

and finally leads to the temporal electric field

E+(t) ∝ ∆ω exp(iω0 t)
{

exp
(
−i∆τ

2
δω − ∆ω2 (t+∆τ

2
)2

8 ln(2)

)[
1 − erf

(
i
∆ω (t+∆τ

2
)

2
√

2 ln(2)
− δω

√
2 ln(2)

∆ω

)]
+ exp

(
i∆τ

2
δω − ∆ω2 (t−∆τ

2
)2

8 ln(2)

)[
1 + erf

(
i
∆ω (t−∆τ

2
)

2
√

2 ln(2)
− δω

√
2 ln(2)

∆ω

)]}
,

(6.12)

with the error function erf(x) = 2/
√
π
∫ x

0
exp(−y2)dy.

The example in Fig. 6.7 shows a symmetrically devided spectrum (δω = 0) centered
around a wavelength of 800 nm with a spectral width of 12 nm leading to two subpulses
with equal intensity. The momentary frequency ωm(t) deviates by the same amount
from ω0 at the two moments in time with maximal intensity (Fig. 6.7c). In contrast, for
δω �= 0, the two subpulses would differ in amplitude, and also ωm(t) would be asymmetric
with respect to t=0 since the portions of the spectral intensity shifted forward and
backward in time are not equal.

The envelopes of the two subpulses at t = ±∆τ/2 consist of a Gaussian envelope
with the same temporal width as an unchirped laser pulse, but there is an additional
distortion by the error function, which leads to an elongation [225] of the subpulse,
accounting for the reduced width of the spectral contributions of each subpulse.

In the special case of a symmetrically divided spectrum (i.e. δω = 0, depicted in
Fig. 6.7, where each of the two subpulses comprises half the pulse energy, the error-
function terms are purely imaginary, and with the imaginary error function erfi(x) =
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−i erf(ix), Eq. (6.12) becomes

E+(t) ∝ ∆ω exp(iω0 t)
{

exp
(
−∆ω2 (t+∆τ

2
)2

8 ln(2)

)[
1 − i erfi

(
∆ω (t+∆τ

2
)

2
√

2 ln(2)

)]
+ exp

(
−∆ω2 (t−∆τ

2
)2

8 ln(2)

)[
1 + i erfi

(
∆ω (t−∆τ

2
)

2
√

2 ln(2)

)]} . (6.13)

The latter expression (6.13) can be rewritten [225] with the help of

α1,2 = ∆ω exp

(
−

∆ω2 (t± ∆τ
2

)2

8 ln(2)

)
(6.14)

γ1,2 = erfi

(
∆ω (t± ∆τ

2
)

2
√

2 ln(2)

)
, (6.15)

so that it simplifies to

E+(t) ∝ exp(iω0 t)
[
(α1 + α2) + i(α2γ2 − α1γ1)

]
. (6.16)

Using Eq. (6.16), the temporal phase Φ(t) can be calculated and takes the form

Φ(t) = ω0 t+ arctan

(
α2γ2 − α1γ1

α1 + α2

)
. (6.17)

The momentary angular frequency ωm(t) is again given by the derivative of this formula.
The two momentary angular frequencies at t = ±∆τ/2, the moments of maximal inten-
sity, are of special interest, because they are the effective central frequencies of the two
subpulses.

In the case that ∆τ is positive and ∆τ/2 	 ∆t, so that the parameter α1 from
Eq. (6.14) can be neglected at t = ∆τ/2 in a first approximation, the spectral phase (6.17)
simplifies to

Φ(t) ≈ ω0 t+ arctan(γ2) = ω0 t+ arctan

[
erfi

(
∆ω (t− ∆τ

2
)

2
√

2 ln 2

)]
, (6.18)

and the momentary frequency at t = ∆τ/2 is thus

ωm(∆τ/2) =
dΦ(t)

dt

∣∣∣
t=∆τ/2

= ω0 +
∆ω√
2π ln 2

. (6.19)

In Eq. (6.18), the influence of the second subpulse has been neglected in order to obtain
expression (6.19) for the momentary frequency of the subpulses. The result can be easily
understood if one thinks of a pulse with a spectrum consisting of half a Gaussian, e.g.
A(ω) = 0 for ω < ω0. In such a case, the central frequency ω can be calculated by

ω =

∞∫
ω0

ωA(ω)dω

∞∫
ω0

A(ω)dω

=

∞∫
ω0

ω exp
(
−2 ln(2) (ω−ω0)2

∆ω2

)
dω

∞∫
ω0

exp
(
−2 ln(2) (ω−ω0)2

∆ω2

)
dω

= ω0 +
∆ω√

2π ln(2)
, (6.20)
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Figure 6.8: Colored double pulse (blue dots) vs. chirped pulse (red triangles) excitation of
DNQ. The mid-infrared absorption of the ketene intermediate at 2128 cm−1 at 50 ps delay
time divided by the SHG intensity normalized to the value at zero quadratic spectral phase as
a function of colored double pulse separation ∆τ and quadratic spectral phase of the 400 nm
excitation pulses. The interrelation between the abscissas is determined as explained in the
text.

in accordance with Eq. (6.19). Thus, a triangular spectral phase pattern leads to two sub-
pulses with different effective central angular frequencies separated by ∆ω

√
2/(π ln 2).

Depending on the sign of ∆τ , the first pulse at t = −|∆τ |/2 is shifted more to the red
(for ∆τ > 0) or to the blue (∆τ < 0) in comparison to the second pulse at t = +|∆τ |/2.

6.2.2 Experimental results and discussion

Under identical conditions as the chirp parameter scans, already described in Sec. 6.1.2,
DNQ dissolved in methanol is excited with frequency-doubled linearly chirped pulses
and colored double pulses at the highest possible 400 nm pulse energy leading to a
peak intensity at the sample position of about 5x1010 W/cm2. The chirp parameter
scan is performed in the same fashion as before. In the double pulse scan only the
linear slope of the colored double pulses is varied, while the spectral breakpoint where
the sign of the linear slope changes is kept fixed at the center frequency of the pulse.
Hence, each subpulse has the same intensity and only the separation of the two pulses
is changed. The recorded signal is again the mid-infrared absorption of the ketene
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intermediate at 2128 cm−1 at 50 ps delay time divided by the SHG intensity. The
two scan parameters, quadratic spectral phase b2 and linear double pulse slope ∆τ can
be related by the respective momentary frequencies ωm(t) [81, 82, 224]. As derived
in the previous sections, the momentary frequency of linearly chirped pulses changes
linearly with time, while the temporal envelope is an elongated Gaussian. In contrast,
triangular double pulses have a temporal envelope consisting of two intense peaks which
have different effective central frequencies.

Momentary frequencies ω0 − ωf at time t = −tf and ω0 + ωf at t = +tf can be
achieved according to Eq. (6.19) by a triangular double pulse whose spectrum has a
FWHM ∆ω =

√
2π ln(2) |ωf |, and the pulse separation is adjusted to ∆τ = 2tf sgn(ωf).

If one wants to achieve the same momentary frequencies at those times by employing
linearly chirped pulses instead, the necessary second-order spectral phase modulation
for the given ∆ω can be calculated from Eq. (6.7) and simply is b2(a = ωf/tf). For large
enough double pulse separations (∆τ 	 ∆t0) compared to the pulse duration t0, b2 can
be aproximated by the linear relation

b2(ωf/tf)
∣∣∣
∆τ�∆t0

≈ ∆τ
√

2π ln(2)

2∆ω
, (6.21)

connecting the two pulse parametrizations.
The above sketched procedure holds for the comparison of linearly chirped pulses and

colored double pulses at the fundamental at 800 nm. For the frequency doubled shaped
800 nm pulses in our experiment however, this has to be slightly refined. In order to
obtain the momentary frequency of the colored double pulses centered around 400 nm,
the temporal phase of the frequency-doubled pulse for a certain value of ∆τ is simulated,
taking into account the real experimentally measured spectrum of the fundamental pulse.
This leads to the momentary frequency ωm(t) by taking the derivative with respect to the
time according to Eq. (2.17). This can now be compared with the momentary frequency
of the linearly chirped 400 nm pulse. This results in linked abscissas as depicted in
Fig. 6.8, where the results of the colored double pulse and linear chirp parameter scans
are compared. The common ordinate is normalized to the ketene/SHG yield of the
transform-limited pulse (b2=0 or ∆τ=0). Although the temporal profiles of the two
pulse parametrizations are very different the scan curves show almost identical behavior.
For negative double pulse separation ∆τ , where the first subpulse is blue shifted and the
second subpulse is redshifted, less ketene photoproduct / SHG yield is obtained as for
a transform-limited pulse, whereas the same pulse separation with reversed frequency
ordering produces much more photoproduct. Thus, the effect seen in the double pulse
scan can also be explained by intrapulse dumping. Similar to the linear chirp scan, the
first subpulse containing higher frequencies creates an excited state wave-packet and the
second subpulse of lower frequency matches the decreasing potential energy difference
upon wave-packet propagation. For positive ∆τ the frequency ordering is reversed and
intrapulse dumping is efficiently reduced leading to increased ketene photoproduct / SHG
yield.

However, in the special case of the photoinduced Wolff rearrangement of DNQ, where
the photoreaction is extremely fast and already over after about 300 fs (see Sec. 5.3.2
for details) there is only a small time window for intrapulse dumping. Excited state
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Figure 6.9: Colored double pulses with small triangular slopes ∆τ from 0 to -500 fs are
frequency doubled to yield double pulses centered around 400 nm. The temporal intensities
(black) and the momentary frequencies (red) of the pulses (same starting parameters as in
Fig. 6.7) are depicted. For small values of the triangular slope ∆τ the pulses are not separated
from each other and they are linearly chirped as the linear momentary frequency shows.
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Figure 6.10: Comparison of colored double pulses and linear chirped pulses for small values of
the triangular slope ∆τ . Two regimes can be identified. a) The subpulses are fully separated in
time (∆τ=+500 fs). Then the momentary frequencies at the maxima of the two subpulses can
be compared with the linearly rising momentary frequency of a linearly chirped pulse (dashed
line). b)The subpulses are not separated in time (∆τ=+10 fs). The momentary frequency in
this case can be approximated with a linearly rising momentary frequency having the same
slope at t=0 (dashed line). c) Slope of the momentary frequency as a function of triangular
slope ∆τ for both regimes. The blue curve represents the slope for small ∆τ (also indicated
by the grey region) as obtained by d2Φ

dt2
from Eq. (6.18), while the red curve shows the slope

for larger ∆τ where the subpulses are separated. d) Momentary frequency slope for linearly
chirped pulses as a function of the quadratic spectral phase.

population that can be dumped back to the electronic ground state is only present for
a very short time interval after photoexcitation. Within this time interval the colored
double pulses are not really separated in time, as the simulation in Fig. 6.9 illustrates.
The temporal intensities and momentary frequencies as a function of time are calculated
for frequency-doubled fundamental pulses with slight triangular phases yielding colored
double pulses centered around 400 nm as they are created in the experiment. Moreover,
the pulses rather exhibit linear chirp as the linear momentary frequency ωm(t) around
time zero depicted in Fig. 6.9 indicates. Only the temporal intensities and momentary
frequencies for negative triangular phase slopes (∆τ <0) are shown because for positive
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∆τ the behaviour of the intensities and phases is symmetric, only the frequency order-
ing is reversed. Starting from ∆τ=0 going to slightly negative values the slope of the
momentary frequency ωm(t) around t=0 decreases meaning that the pulses are increas-
ingly down-chirped. From about ∆τ=200 fs on the slope of ωm(t) is slightly increasing
until the two subpulses are fully separated. The momentary frequency shows complex
behaviour making it very difficult to compare it to linearly chirped pulses for small val-
ues of the triangular slope. Two regimes can be identified as depicted in Fig. 6.10. If
the two subpulses are fully separated in time as shown in Fig. 6.10a for ∆τ=+500 fs
(red lines), the momentary frequencies at the maxima of the two subpulses can be com-
pared with the linearly rising momentary frequency of a linearly chirped pulse (dashed
line). In this fashion colored double pulses were related to linearly chirped pulses up to
now [81, 82, 224]. Close to ∆τ=0 when the subpulses are still overlapping in time this
procedure is no longer exact. But in this case the momentary frequency can be approx-
imated with a linearly rising momentary frequency having the same slope at t=0. This
is shown for ∆τ=+10 fs in Fig. 6.10b. An illustrative quantity is the slope of the mo-
mentary frequency as a function of triangular slope ∆τ which is shown for both regimes
in Fig. 6.10c. The blue curve represents the slope for small ∆τ at t=0 (also indicated
by the grey region), while the red curve shows the slope (as defined in Fig. 6.10a) for
larger ∆τ where the subpulses are separated. In Fig. 6.10d the momentary frequency
slope for linearly chirped pulses as a function of the quadratic spectral phase is depicted
for comparison. As one can see the behaviour is qualitatively similar but not identical.

To conclude, for small values of the triangular phase slope ∆τ colored double pulses
are not yet separated in time and are approximately linearly chirped, whereas for large
double pulse separation one can only speak of an effective linear chirp in the sense of
matching momentary frequencies at certain points in time.

6.3 Adaptive optimization of the photoproduct
formation

The next logical step after performing systematic parameter scans is to investigate the
controllability of the photoreaction of DNQ dissolved in methanol by an adaptive opti-
mization with a suitably defined control goal in order to explore whether more degrees
of freedom lead to improved control. In our case this would be the maximization of the
ketene photoproduct / SHG yield ratio. As already explained in detail in Sec. 3.5 the
evolutionary algorithm requires the definition of a fitness function that is to be maxi-
mized. When the fitness takes the form of the ratio of two experimental observables,
a discriminator which is determined by the signal-to-noise ratio of the experiment has
to be included to keep the algorithm from finding unphysical solutions which originate
from very small denominators in the fitness function. Therefore the fitness function is
defined as

Fitness =
Ketene MIR Absorption

max(SHG yield,D)
, (6.22)

where the quantity D is the appropriately chosen discriminator. The technical details
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Figure 6.11: Adaptive maximization of the ketene photoproduct normalized by the intensity
of the second harmonic excitation pulse at 400 nm. a) Evolution of the best 10% of the indi-
viduals per generation (black) together with the result obtained by a transform-limited pulse
(red) which serves as a reference. b) XFROG trace of the optimal pulse directly showing the
frequency distribution over time. The white dashed line represents the momentary frequency
of the up-chirped pulse (around +1000 fs2) from the chirp scan in Fig. 6.8.

of these optimization experiments are slightly different from the description in Sec. 3.5.
Due to the small absorption cross-section for vibrational transitions, extensive signal av-
eraging is necessary to achieve acceptable signal-to-noise ratios. Therefore the averaging
time was set to 3 s, i.e. 1500 pump-probe pulse pairs (see definition of absorption change
in Sec. 3.4.2) are averaged. The number of individuals was reduced to 40 per generation
and only 16 genes (not 128) were defined and interpolation determined the complete
phase function introduced by the 128-pixel LCD in the pulse shaper. Otherwise the
search space would have been too large so that the algorithm would have needed too
much time for finding the optimal pulse shape. In this case long term drift of the laser
system (pulse duration and pulse energy) would have disturbed the optimization. But
with these parameters the overall time required for an adaptive optimization run was
limited to the order of an hour.

Many optimization runs were performed which lead to more or less similar results,
although the starting conditions for the different runs were not exactly identical. The
maximal achievable 400 nm excitation pulse energy for instance was different from day
to day. However, most of the times the fitness value obtained by the transform-limited
pulse was exceeded by the optimal pulse. In the optimization run shown in Fig. 6.11
the discriminator was set to 10% of the SHG yield obtained with the transform-limited
reference pulse to allow a certain degree of structure in the optimal pulse found by the
learning algorithm. Due to the long time required for a single optimization a systematic
study of the impact of the discriminator was not possible. Nevertheless it was found
that for higher values of the discriminator the optimal pulses exhibited less structure and
were close to transform-limited. This is intuitive since a higher discriminator rejects more
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structured pulses because they generate less second harmonic photons. In this case the
best pulse is able to increase the fitness by 50 percent compared to the transform-limited
pulse (Fig. 6.11a). The optimal pulse is characterized with cross-correlation frequency-
resolved optical gating (XFROG) as was already introduced in Sec. 3.3.2. The XFROG
trace is shown in Fig. 6.11b. As one can see, from the center peak around t=50 fs to
the second strongest peak around t=300 fs the frequency within the structured multi-
pulse is rising. For comparison the white dashed line shows the change in momentary
frequency for the up-chirped pulse (around +1000 fs2) from the chirp scan in Fig. 6.8.
The frequency ordering of the optimal pulse and the up-chirped pulse matches and thus
intrapulse dumping seems to contribute to the optimization effect by a huge amount.

6.4 Conclusion

The experiments in this chapter showed that the ketene formation after Wolff rearrange-
ment of DNQ is very sensitive to the shape of the applied excitation laser pulses. Both
the linear chirp and colored double pulse single parameter variations lead to the conclu-
sion that the well known intrapulse dumping mechanism is responsible for the impact
of the frequency ordering within the excitation pulse on the photoproduct yield. Due to
the shrinking energy gap between the S0 and S1 states, down-chirped excitation pulses
with decreasing momentary frequency efficiently dump population back to the electronic
ground state, while pulses with up-chirp reduce this effect and therefore more population
remains in the excited state leading to an increased product yield. Adaptive optimiza-
tions using a closed learning loop basically lead to the same result, since the optimal
pulse for the maximization of the ketene yield exhibits a similar frequency ordering,
where lower frequencies precede higher frequencies.
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7 Catalytic surface reactions initiated
by femtosecond laser pulses

For the synthesis of molecules bimolecular reactions in which two or more reactant
molecules interact by e.g. collisions are necessary. The condensed phase has a high
relevance for synthetic chemistry, because there, bimolecular reactions are very efficient
due to the high particle density. With the advent of femtosecond laser technology, time-
resolved studies of laser-induced bond cleavage within bimolecular reactions have become
possible. This way to form new molecules has been investigated in the gas phase as well
as in the condensed phase.

In the gas phase harpooning type bimolecular reactions, e.g. I2+Xe→I+XeI [32, 231]
have been studied. In the group of Zewail it was even shown that it is possible to influence
the reaction outcome with the help of a pump–repump scheme [32]. Also liquid phase
harpooning reactions such as the formation of XeCl from molecular Cl2 dissolved in
Xe [232, 233] are possible. Other reactions start from a weakly bound van-der-Waals
precursor, e.g. HI-CO2 in [234–237]. There a reaction is initiated by photodissociation
of HI and the hydrogen atom attacks the carbon dioxide to form HO and CO. Therefore
the reaction taking place is formally written as H+CO2 → HO+CO.

Another possibility is bond activation in liquid phase reactions, where after disso-
ciation of a compound, different excited transition states can be populated and bond
formation with a solvent molecule originating from the solvent shell around the dissolved
compound can finally be realized [238–248].

But also initially unbound reaction partners have experimentally proven to be able to
perform a photoassociation process by photoexcitation of a free-to-bound transition to
e.g. induce the formation of the Hg2 excimer from Hg atoms [249–251]. Photoassociation
experiments can also be performed in cold traps employing laser-cooling techniques.
Both theoretical [252–255] and first experimental studies [256–258] using shaped laser
pulses in a cold trap have been performed recently.

Despite the extensive work dealing with the time-resolved observation of bond forma-
tion, optical control of bimolecular reaction products in the condensed phase could not
be demonstrated yet, and there are also only very few experiments concerning quan-
tum control of bimolecular reactions in the gas-phase such as the example from the
Zewail group [32] already mentioned above. Therefore, controlling this type of reaction
is generally a challenging task.

In the experiments of this and the following chapter, the approach is totally differ-
ent: small molecules are adsorbed on a surface where they interact with the laser. A
previously unobserved catalytic surface reaction between carbon monoxide and hydro-
gen induced by femtosecond lasers is reported. Previous investigations on these systems
are summarized and the feasibility of these reactions is motivated in Section 7.1. The
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experimental concept for the realization of such a scheme is introduced in Section 7.2.
The successful demonstration of the synthesis of product molecules on a catalyst metal
surface is presented in Section 7.3, and their formation is analyzed by systematically
varying single parameters of the system (Section 7.4). Possible scenarios responsible for
the underlying reaction mechanism are discussed in Section 7.5, and an outlook for the
experimental synthesis of even larger molecules is presented in Section 7.6. At the end,
the performed experiments are summarized in Section 7.7.

7.1 Catalytic reactions of hydrogen with carbon dioxide

Very soon after the availability of reliable femtosecond laser sources scientists have also
employed femtosecond laser spectroscopy to explore processes on metal surfaces. Other
types of lasers have been used earlier for this purpose, but starting from the first demon-
stration of intact desorption of NO molecules from a Pd(111) single crystal induced by
femtosecond laser pulses [259], a complete new field of ultrafast laser spectroscopy on
metal surfaces has emerged among the diversity of surface chemistry techniques [260–
262]. Already in the first time-resolved experiments [263–265] the unique new reaction
pathways accessible by the short pulses and the corresponding nonequilibrium excita-
tion of the substrate’s electronic system became apparent and revealed that femtosecond
laser desorption is not only due to a phonon-assisted heating effect.

Besides desorption experiments femtosecond lasers have soon been introduced to in-
vestigate reactions on single crystal surfaces. The most prominent among them is the
oxidation of carbon monoxide in the presence of oxygen on various metal surfaces [266–
268]. The pioneering work by Ertl and coworkers [268] beautifully demonstrated that
femtosecond lasers can be used as a powerful tool in surface chemistry and revealed
the underlying mechanism via hot substrate electrons. As the same group showed, this
mechanism also accounts for the recombinative desorption of hydrogen under femtosec-
ond laser irradiation which is clearly different from thermal excitation [269]. However,
only very few surface reactions could be observed or assisted by femtosecond lasers, while
complex catalytic reactions have been completely inaccessible up to now.

For this reason, we have chosen to study the reaction of hydrogen and carbon monoxide
(the so-called syngas mixture) adsorbed on a single crystal metal surface with unshaped
femtosecond laser pulses. Catalytic reactions from syngas to hydrocarbons have been
realized under extreme conditions with both high pressures and temperatures, the most
famous being the Fischer-Tropsch synthesis (see e.g. Refs. [270, 271]), in which syngas
is converted to liquid hydrocarbons. Other catalytic reaction schemes towards hydro-
genation of the CO instead of methanation are also known, but they likewise have the
disadvantage of being high-pressure processes. A transition metal that proved to be well
suited for the purpose is palladium, which is able to catalyze methanol and methane
under thermodynamically favorable conditions (at a temperature of about 550 K and at
pressures of several tens of bars) [272, 273]. Thus, a Pd(100) single crystal is utilized in
the experiments of this chapter, which are conducted in a high vacuum chamber with
pressures in the low 10−6 mbar regime without and up to 10−4 mbar with a stream of
syngas. This is in contrast to the majority of surface experiments that is carried out
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in the UHV regime with surfaces that are frequently cleansed, but this allows a model-
lation of the high-pressure experiments and enables a detection of a decent amount of
molecules.

The adsorption of CO [274, 275] and of H2 [276] on Pd(100) have been described in
detail in the literature. In the first layer, CO does not decompose and adsorbs bridge-
bonded with the C atom binding to the metal. If the bond is broken (e.g. by electron
bombardment [274]) the remaining C atoms can stay on the surface as bulk carbon
which lowers the adsorption energy for further CO adsorption [275]. H2 already adsorbs
dissociatively at very low coverages on Pd and subsequently penetrates into the bulk
where it is dissolved [276]. As the maxima for thermal desorption of hydrogen and CO
are 360 K [276] and 490 K [275], respectively, all experiments presented in this work
have been performed at 290 K, so that adsorbed species stick well to the surface and
their mobility is still quite high.

Recently, Rupprechter and coworkers [277, 278] have investigated the coadsorption of
hydrogen and carbon monoxide on Pd(111) over a wide pressure range from the UHV
up to the mbar regime. It has been found that high-pressure CO structures are identical
to high-coverage structures in UHV at low temperature and a pressure of 1000 mbar is
necessary at 300 K to saturate the crystal surface with CO. This result gives rise to two
conjectures: first, although extrapolating results from UHV and low temperature studies
to the experimental conditions employed in this chapter might generally be wrong, basic
insights can be transferred; second, the surface is not saturated, so that higher yields
might be possible under higher pressure.

Another finding in [278] has been that exposing the surface to a 1:1 mixture of syngas
at temperatures above 150 K leads to an active situation in which CO replaces adsorbed
hydrogen that is transferred deeper into the Pd bulk. Site-blocking, i.e. the ability
of a surface adsorbate species to prevent adsoption of impinging gas molecules was
also observed in either direction. Hydrogen as well as carbon monoxide may block
the adsorption of the other species depending of the surface temperature. At higher
pressures (up to 55 mbar in their experiments), indications for surface roughening or
a dynamic and not perfectly ordered CO adsorbate structure have been found, and
the authors conjecture that this may facilitate CO hydrogenation. However, despite
diverse syngas mixtures, reaction products were not observed under any of the applied
conditions, probably because the energy barriers are too high.

The basic idea for the experiments presented in this and the following chapter is the
contemplation that the energy necessary for a reaction to overcome the energy barriers
can be provided by a femtosecond laser pulse. Moreover, specially shaped laser pulses
might be able to improve the result even more, or steer the reaction outcome into a
desired direction. Studies by Petek and coworkers [279], and Matsumoto and coworkers
[280, 281] have pointed out the possibility of quantum control of surface photochemical
reactions. Matsumoto and coworkers have very recently shown that in the case of caesium
adsorbed on a platinum surface, the phonons in platinum and vibrational modes of the
caesium-platinum bond can be selectively excited by chirped pulses or pulse trains with
varied temporal pulse separation. Hence, also the possibility of initiating and even
controlling a laser-assisted surface reaction with adequate femtosecond laser pulses is
very plausible.
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7.2 Experimental setup

The setup used in all experiments is sketched in Fig. 7.1. The laser beam is sent through
the pulse shaper, with which it can be phase modulated, as it will be done in the
experiments of the following chapter. The beam is then focused by a lens with 40 cm
focal length through a window into the interaction region of the TOF mass spectrometer
located in the main chamber of the vacuum system (see Section 3.4.3 for details). There,
it hits the Pd(100) single crystal under an angle of about 15◦ with respect to the surface.
Only a few percent of the laser energy is employed and the intensity on the surface is
about 1012 W/cm2. The beam is reflected by the crystal and leaves the vacuum chamber
again through another window.

The two employed gases H2 and CO have been purchased with purities of at least
99.999% (Messer Griesheim) and 99.997% (Tyczka), respectively, and are used as-is.
Two mass flow controllers (Advanced Energy) especially calibrated for the two gases
are used to accurately dose the amount of gas that is allowed to enter the system, as
is sketched in Fig. 7.1. The two gas pipes are combined in front of the nozzle through
which the gas mixture enters the collateral vacuum chamber, where it hits the skimmer
and results in a gas beam in the main vacuum chamber and onto the Pd(100) single
crystal (diameter 10 mm, thickness 1 mm; Mateck, used as-is). The base pressure in the
main chamber, without exposure to the two gases, is 10−6 torr, while up to 10−4 torr
are reached with the highest gas amounts employed in the experiments.

The interaction of the femtosecond laser pulses and the surface adsorbate consisting of
hydrogen and carbon monoxide leads to the formation of ions whose signal is measured,
processed and subsequently recorded by a computer (for details, see Section 3.4.3).

modulated
laser pulse

unmodulated
  laser pulse grating

grating

lens

lens

laser 
system

TOF mass
spectrometer

detector

Pd(100) single crystal

skimmer
nozzle

mass flow
controllers

Figure 7.1: Experimental setup. The femtosecond laser pulses pass the pulse shaper before
they are focused onto a Pd(100) single crystal surface located in the interaction region of a
TOF mass spectrometer. The syngas mixture can be dosed with two mass flow controllers
and streams via a nozzle and a skimmer onto the surface. The experimental data from the
time-of-flight (TOF) mass spectrometer is measured by a computer. This signal is recorded to
yield the mass spectra presented in this chapter, or it can be further used by an evolutionary
algorithm to modify the pulse shapes so that eventually they are optimal for a desired task.

Daniel Wolpert: Quantum control of photoinduced chemical reactions (Diss. Univ. of Würzburg, 2008)



7.3 Study of synthesized surface reaction products 103

7.3 Study of synthesized surface reaction products

When the laser beam is not hitting the surface, no ions are produced and hence no
signal is detected. Initially when the surface is exposed to laser light without syngas
flow onto the surface, several ion peaks of still remaining syngas and residual gas in the
vacuum chamber show up. After several minutes, an equilibrium is reached where there
are practically no ion peaks left, except some very small contributions mainly of bulk
hydrogen still dissolved in the metal.

When hydrogen is sent into the main vacuum chamber and onto the surface, three
huge peaks arise, that can be attributed to H+, H+

2 and H+
3 , the first being the most

intense and the latter being the weakest (black curve in Fig. 7.2). The triatomic hydrogen
molecule is unstable in the electronic ground state, but excited and ionized states are
long-lived and play an important role in molecular spectroscopy [282–287] as well as in
astronomy [287, 288]. Furthermore, also reports on the successful generation of larger
hydrogen species can be found in the literature, e.g. clusters up to H+

23 in ion traps [286].
It has been suggested that one way for the formation of H+

3 is the reaction between a
H+

2 molecule and H2 adsorbed on a surface [283]. Due to this and because the electronic
ground state of H3 is unstable, one can conclude that both the surface and the laser play
decisive roles during this reaction.

A totally different mass spectrum can be detected if only carbon monoxide enters the
chamber. There are three peaks at masses 12, 16, and 28 amu which can be assigned
to C+, O+, and CO+, respectively. The peak heights and the amount of gas introduced
into the chamber are directly correlated, and turning off the CO supply results in the
disappearance of these peaks. No other peak except a tiny contribution from bulk
hydrogen is found. The signals corresponding to C+, O+, and CO+ that originate from
carbon monoxide are not present if only hydrogen is entering the chamber as was shown
before (see Fig. 7.2).

Additional ion mass peaks appear when a mixture of CO and H2 is streamed onto
the surface. Not only the peaks of the respective single mass spectra change, but also
new peaks arise (green to gray lines in Fig. 7.2), where the CO gas flow is set to the
constant value of 4.0 sccm (standard cubic centimeters per minute), while the amount of
additional hydrogen is increased from 0 to 10.0 sccm. In this measurement, depending
on the hydrogen concentration, new peaks at 13, 17 and 29 amu show up first, followed
by peaks at 14, 15, 18, and 19 amu. These peaks clearly indicate the formation of the
ions CH+, CH+

2 , CH+
3 , OH+, H2O

+, H3O
+, and HCO+ (methylidine, methylene, methyl,

hydroxyl, water, hydronium, and formyl cations, respectively). As a putative methane
ion with a mass of 16 amu would coincide with the O+ peak, no statement on this
molecule can be given. Furthermore a detailed analysis of the latter peak also allows
the identification of a contribution of H2CO+ (formaldehyde cation), which is shown by
an adequate modellation of this multipeak at the end of this section.

Comparison between the different mass spectra in Fig. 7.2 show that the water peak
emerges at the expense of the O+ signal and is not due to residual water. The interaction
of the laser with the adsorbed gas molecules leads to the formation of hydroxyl, water,
and hydronium cations. In contrast to a shrinking O+ signal with increased hydrogen
amounts, the production of methylidine, methylene, and methyl cations does not lead to
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Figure 7.2: Ion spectra (vertically offset for clarity) with different amounts of carbon monoxide
and hydrogen streamed onto the Pd(100) single crystal. Gas amounts are given in sccm
(standard cubic centimeters per minute). Spectra with H2 only (black), CO only (red), a
stochiometric mixture of CO and H2 (green), and an increasing excess of H2 (blue, orange and
gray curve) are shown. For all curves except the black one, the amount of CO is held constant
at 4 sccm. The signal for short flight times is just shown for the H2-only measurement, and
is demagnified by a factor of 10 to give an impression of the hydrogen ion peaks. The lower
abscissa shows the time-of-flight of the ions, while the upper abscissa gives the mass-to-charge
ratio m/q as determined by a mass calibration.

a decrease of the C+ signal, which actually grows with increasing hydrogen concentration.
This behavior for C+ is comparable to observations by Denzler et al. [269], who found
that laser desorption of D2 from a ruthenium surface is enhanced in the presence of
H2. They attributed this effect to the faster excitation of the lighter isotope (hydrogen
compared with deuterium) and the resulting impact on other adsorbed species. In our
case, no deuterium is present, but the carbon monoxide is adsorbed with the carbon
binding to the surface. The behavior of the C+ signal resembles the situation of D2

desorption in Denzlers experiment, with the difference that the loosening of the carbon
instead of the deuterium adsorption is facilitated by additional hydrogen. Thus, this
observation can be interpreted as an evidence for the surface being involved in the
catalytic process.

In order to explore the composition of the hydrogenated CO+ species emerging under
hydrogen supply, a suitable data set with a relative CO to H2 ratio of 2:1 is analyzed,
which clearly shows a double peak structure and also foretells a third feature at longer
time of flight. From the mass spectra in Fig. 7.2, it is already evident by eye that the
peaks resemble a Gaussian shape. This is further confirmed by comparing fits assuming
Gaussian and Lorentzian peak shapes, with the only restriction that the peak widths w
for the three subpeaks are identical. The fit models are

y 0 +

3∑
i=1

A i

w 2 + (t− t 0i)2
(7.1)
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Figure 7.3: Extract from an ion spectrum with 4.0 sccm CO and 2.0 sccm H2 streamed onto
the Pd(100) single crystal. The data (black) indicates the existence of three peaks. Fitting
the data under the assumption of Lorentzian (left) and Gaussian (right) peak shapes results in
curves with different levels of accuracy. The best fit is shown in red, while the three contributing
substructures are plotted in blue, olive and orange for clarification.

for the Lorentzian shape and

y 0 +

3∑
i=1

A i exp

(
−(t− t 0i)

2

w2

)
(7.2)

for the Gaussian shape, where t 0i is the central position of the ith peak, while A i

corresponds to the amplitude.

As can be seen in Fig. 7.3, using Lorentzian shapes leads to deviations at the rising
edge of the feature, and the three t 0i do not match the mass calibration adequately. A
totally different picture arises if Gaussian shapes are assumed. The agreement of the
fitted curve with the data is much better, furthermore the positions of the peaks coincide
very well with the mass calibration.

The problem of peak shape assignment often is of major importance in TOF mass
spectrometry in order to correctly identify certain species which are not obvious at
first glance. In the literature, it can be found that TOF mass peaks have approxi-
mately Gaussian appearance, while aberrations such as MCP detector ringing follow a
Lorentzian distribution [289]. Thus, the modelling of the observed features in Fig. 7.3
using Gaussian-shaped peaks should reveal the contributing mass peaks correctly.

7.4 Single parameter variations

Even without the application of surface spectroscopic techniques and experiments under
UHV conditions it is possible to gain basic insight into the surface reactions to some
degree. Thus, in order to explore the observed chemical reactions, selected aspects of the
macroscopic experimental conditions have been changed. Hence, additional information
about the underlying mechanisms and the role of the reactant molecules, the metal
surface, and the laser characteristics is provided.
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7.4.1 Reactant molecules

When replacing the reactant gas molecules that are streamed onto the metal surface,
modifications in the overall ion spectrum are expected. In a first experiment hydrogen is
replaced by deuterium. Since D2 exhibits different potential energy surfaces, adsorption
properties and another surface mobility compared to H2 differences in the measured
ion spectrum are observed. In addition, the assignment of the observed product ions is
verified as the heavier isotope should lead to a shifted time-of-flight of the identified ions
due to the additional neutron mass.

As expected, the peaks in the ion spectrum (Fig. 7.4) are separated by two atomic
mass units, so that e.g. the heavy water ion D2O

+ appears at 20 amu instead of the
position of 18 amu for H2O

+. It can also be deduced that the bond-forming reactions
are less efficient with respect to H2 as reactant gas, as can e.g. be seen by the weak CD+

3

signal and the complete absence of D2CO+ even for the strongest D2 excesses employed
(Fig. 7.4, gray line). This behavior can be interpreted as an indication for the reduced
mobility of the heavier isotope on the surface and thus reactions in which more than
two particles have to be involved occur with much lower probability.

In another experiment with exchanged reactant gases, carbon monoxide is replaced by
carbon dioxide. Neither C+, O+, CO+, nor CO+

2 are observed for all provided amounts
of CO2 and all applied laser intensities. This confirms that CO2 does not adsorb at all
on the Pd surface at room temperature or at least not in such a way that it could be
detected by laser ionization as CO, and hence reflects the importance of the surface and
the adsorption process in the chemical reactions observed with carbon monoxide.
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Figure 7.4: Ion spectra (vertically offset for clarity) with different amounts of carbon monoxide
and deuterium streamed onto the Pd(100) single crystal. The gas amounts are given in sccm
(standard cubic centimeters per minute). For all curves, the amount of CO is held constant
at 4 sccm. Spectra with little D2 (red), a stochiometric mixture of CO and D2 (green), and
an increasing excess of D2 (blue, orange and gray curve) are shown. The lower abscissa shows
the time-of-flight of the ions, while the upper abscissa gives the mass-to-charge ratio m/q as
determined by a mass calibration.
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Figure 7.5: Ion spectra (vertically offset for clarity) with different amounts of carbon monoxide
and hydrogen streamed onto a Pt(100) single crystal. Gas amounts are given in units of sccm
(standard cubic centimeters per minute). For all curves, the amount of CO is held constant at
4 sccm. Mass spectra with little H2 (red), a stochiometric mixture of CO and H2 (green), and
an increasing excess of H2 (blue and orange curve) are shown.

7.4.2 Catalyst metal

The influence of the metal surface on the observed ion signals is further studied by
exchanging the Pd(100) single crystal with a Pt(100) single crystal. The platinum crystal
has the same dimensions as the palladium crystal and is mounted at the same position
in the chamber, while no other condition is changed relative to the experiments from
Sec. 7.3.

With the platinum surface, the total ion signal observable is lower by almost an
order of magnitude compared to the palladium surface, but the recorded ion spectra
(Fig. 7.5) clearly exhibit the non-hydrogenated peaks C+, O+, and (only very weakly)
CO+. Moreover, also additional weak product peaks are observable, namely CH+, OH+,
and H2O

+, but neither ions are detected which bear three hydrogen atoms, nor those
corresponding to a hydrogenated form of non-dissociated CO. This is a pronounced
difference compared to the experiment where the palladium surface is employed.

Further differences with respect to the experiments on the palladium surface have
attracted attention, for instance an asymmetric peak shape and an overall increase in
background noise. Most remarkable, the complete ion spectrum is decreasing when more
hydrogen is added to the gas beam. This could be an indication that CO adsorption on
the platinum surface is inhibited by excessive hydrogen amounts and hence, the reaction
proceeds even less efficiently. Site-blocking effects like this are not unusual and have
been observed in surface experiments before [278]. The experiments with a platinum
surface therefore demonstrate that the surface material plays an important role in the
reaction mechanism, which leads to increased reaction product formation in case of a
palladium surface.
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Figure 7.6: Ion spectra (vertically offset for clarity) with both 4 sccm carbon monoxide and
4 sccm hydrogen streamed onto a Pd(100) single crystal as a function of laser intensity. The
effect is highly nonlinear, and too high intensities lead to the formation of palladium ions which
both impede the formation of product ions and obscur their detection.

7.4.3 Laser properties

Laser intensity

It has been found that the overall ion spectrum is very sensitive to the laser intensity,
which is explained by the high nonlinearity of the laser-induced process. According to
reference data [290], for the observed ions in the time of flight mass spectra, if created
from isolated neutral species with the same nuclear composition, energies in the range
of 8–14 eV are necessary. Thus, with the employed laser wavelength (800 nm = 1.55 eV)
they could all be created by absorption of six to nine photons. In this estimate the
influence of the surface, the reaction step and the desorption is not even included. Loy
and coworkers [291] have shown that femtosecond laser desorption (not ionization) of
CO from Pt(111) surfaces also already necessitates eight photons.

In the experiments shown here, the analysis of recorded ion spectra for different inten-
sities has given an estimate for the intensity dependence of about nine photons. However,
this dependence cannot be determined easily. In Fig. 7.6 the change of the spectrum is
shown as a function of intensity, which provides an indication of how the ion spectrum
changes with intensity. The intensity values are normalized to the intensity I0 with which
the spectra of Fig. 7.2 have been recorded. A reasonable time of flight mass spectrum
can only be recorded in a relatively small intensity interval. While reducing the laser
power by a factor of two makes the ion spectrum practically dissappear because too few
ions are produced, an increase very soon leads to too high laser powers which can even
lead to surface ablation and causes the creation of palladium ions. The assignment of
the huge peak arising at high intensities to palladium is not only confirmed by the mass
calibration, but also by the corresponding experiments with the platinum surface, where
also platinum ions can be formed. The Pt+ ions have a longer time-of-flight due to the
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Figure 7.7: Integrated signal of the product peaks as a function of linear polarization. 0◦

corresponds to vertical laser polarization at the mirror in front of the vacuum chamber. Due to
the relative geometry of the laser beam and the Pd surface, the maximum of the signal is not
at 0◦, but rather at polarization angles where the p-polarization component at the palladium
surface is maximal. Note the logarithmic ordinate.

larger atomic mass (195 amu for Pt compared to 106 amu for Pd). The asymmetric
shape of the palladium peak can at least partially be related to the fact that five sta-
ble isotopes exist whose probability distribution is similar to the peak shape. For very
high intensities, however, other effects like space charge lead to a severely deformed ion
spectrum. While the main ion peaks are deformed, it is interesting to note that also the
formation of products apparently is impeded when palladium ions are produced.

Laser polarization

The polarization of the laser beam irradiated on the metal surface also has been proven
to be a very critical property for the signal magnitude of the experiment. This is in
accordance with observed polarization sensitivities in laser surface spectroscopy [260].
When the component of the laser polarization parallel to the surface normal is maximal,
i.e. at p-polarization relative to the surface, the recorded signal for all ion peaks is
maximal. According to our observation, utilizing s-polarized light leads to a signal
decrease of two orders of magnitude (Fig. 7.7) for all peaks.

Laser wavelength

In a subsequent experiment, the excitation wavelength was changed to 400 nm by
frequency-doubling of the fundamental using a SHG crystal. A filter that is trans-
mittive only for 400 nm is placed in front of the vacuum chamber. In principle one
could expect that the signal magnitude should increase because less photons are for-
mally necessary for the reaction, since the signal exhibits a highly nonlinear dependence
on the incoming laser fluence. However, no ion peaks could be observed at all with pulse
wavelength centered around 400 nm at comparable fluence and with all possible linear
laser polarizations.
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Figure 7.8: Energy level dia-
gram of the carbon monoxide
molecule, adapted from Ref. [292]
(see there for a detailed discus-
sion).

A possible explanation for this finding could be that a resonance at odd multiples of
800 nm is involved in the reaction process. This could be the reason why no ion sig-
nal at all was detected with the second-harmonic. The energy level diagram of carbon
monoxide in the gas phase is depicted in Fig. 7.8. It shows that from the ground state a
resonance is not directly accessible for both 800 nm or 400 nm pulses. While for the low-
est singlet resonance (≈8 eV) from the ground state five 800 nm (5×1.55 eV=7.75 eV)
photons would be the closest possible transition, the energy discrepancy with 400 nm
(3.1 eV) laser pulses is much larger. This implies that the lowest singlet transition might
be of relevance in the multiphoton ionization of the CO molecule in the performed ex-
periments. What also has to be taken into account is the fact that the surface influences
the energy levels and the selection rules for the adsorbed CO compared to isolated CO
molecules in the gas-phase. It is thus possible that the levels are shifted further towards

Figure 7.9: Sketch of the pump-probe
scheme. The energies of the pump (solid
red arrows) and the probe (dashed red ar-
rows) pulse are adjusted so that no ions are
generated in the absence of the other pulse,
i.e. the major contribution to the signal
is given by a combined pathway indicated
by the thick red arrows. If the interme-
diate state is accessed by the pump pulse,
the probe pulse can subsequently ionize the
species. The sketched wave packets indi-
cate the temporal evolution of the inter-
mediate state after the initial excitation.
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energies in resonance with an odd multiple of 800 nm photons.

An energetic shift could also be caused by field enhancement or Stark shifting. This
effect has already been exploited in gas-phase experiments in order to manipulate the
outcome of a reaction [293, 294]. This would be in agreement with the optimization
results in Fig. 8.6, where a decrease of the optimiziation effect is observed upon variation
of the laser intensity. The field strength and therefore the energetic shift might have
been adjusted in such a way that the desired reaction is supported.

7.4.4 Pump-Probe spectroscopy

In order to further study the catalytic process, pump-probe experiments with two identi-
cal pulses at a central wavelength of 800 nm have been performed. The two pulse replicas
are generated in a Mach-Zehnder type interferometer where a computer-controlled delay
stage is introduced into one arm to allow for variation of the relative time delay between
them. No signal could be measured with the two beams polarized perpendicularly, so
that the experiments were done with identical polarizations.

The pump-probe scheme is shown in Fig. 7.9. The intensities of the two employed
laser pulses are adjusted so that none of them generates ions apart from hydrogen in
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Figure 7.10: Ion spectra obtained with the Pd(100) surface for a 1:1 mixture of CO and H2

as a function of the pump-probe delay between two identical 800 nm pulses. The ion species
corresponding to the peaks are indicated, grey dotted lines are drawn to guide the eye.
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the absence of the other pulse. This means that the pump pulse (indicated by the
solid red arrows in Fig. 7.9) or the probe pulse (indicated by the dashed red arrows
in Fig. 7.9) alone are not sufficient to ionize the respective molecular species on the
surface. However, if one pulse initiates an excitation or reaction in or on the surface
without creating ions, i.e. an intermediate state is accessed, which lasts clearly longer
than the pulse duration, then a subsequent pulse should be able to ”complete“ this
reaction and ionize the species, thus leading to a transient behavior. This is visualized
in Fig. 7.9 by an excitation to the intermediate state with the pump pulse (thick solid
red arrow), which evolves in time (indicated by a spreading wave packet) and is finally
ionized by the time delayed probe pulse (thick dashed red arrow).

The results of the pump-probe experiment depicted in Fig. 7.10 indicate that the
transient behavior of all species occurs on a very short timescale, which is on the order
of 100 fs. This is comparable to the FWHM of the cross-correlation of the two pulses.
Although some differences are present, the most pronounced being the different rise
behavior of the peaks a real transient behavior can not be observed. The H2O

+ peak for
instance rises more slowly between -100 fs and -20 fs than the HCO+ peak does, whose
signal level stays almost constant between -60 fs and +60 fs. Also the dip around a time
delay of 0 fs, as in the H2O

+ peak and other product peaks is not present in all the ion
signals (see e.g. the C+ peak).

The relative ratio of the peaks does not change by a large factor for different pump-
probe delay times. Consequently neither an intensity variation nor a certain time delay
between two unmodulated pulses are suitable methods to drastically increase a desired
signal in comparison to another.

7.5 Discussion of the reaction mechanism

For catalytic reactions on metal surfaces the revelation of the underlying reaction steps
and microscopic mechanisms is not an easy task. Although numerous studies on many
different systems have been performed with a multitude of experimental techniques it is
still a long way to a complete understanding of surface catalysis. For instance, the actual
mechanisms behind the Fischer-Tropsch synthesis, the production of liquid hydrocarbons
from hydrogen and carbon monoxide are still subject to a vital discussion [271]. This is
mainly due to the multitude of involved reaction stages. However it is not impossible to
shed light on catalytic surface processes, as the studies by Gerhard Ertl of fundamental
molecular processes at the gas-solid interface has shown for which he was awarded the
Nobel Prize in chemistry in 2007 [295]. Among other important discoveries, he was
able to elucidate the molecular mechanism of the catalytic reaction in the Haber-Bosch
process, i.e. the production of ammonia from nitrogen and hydrogen utilizing suitable
iron catalysts [296].

In the experiments presented in this chapter, the complete reaction process starting
from the reactant gases in the gas phase comprises adsorption and dissociation, diffusion
of the adsorbate on the surface, the actual reaction steps, desorption, ionization, possibly
fragmentation, and maybe even more steps. Moreover, the influence of the metal surface,
i.e. its electronic and structural properties, but also impurities and other adsorbates
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which can both poison and promote [261, 297, 298] the catalytic qualities by raising or
lowering energy barriers have to be taken into account. However, in our case it is hard
to determine the impact of these parameters since the surface is neither sputtered nor
cleansed, and the pressure is higher than in conventional surface experiments.

Although a detailed microscopic characterization with surface science techniques was
not possible, some of our experiments can provide important insights into the laser-
induced catalytic surface reactions. The experiments with the substitute gas carbon
dioxide and the substitute surface platinum have revealed that the surface is important
for the reaction and that carbon monoxide adsorption is a prerequisite for the reaction.
Hydrogen adsorption also plays a decisive role, as is evident from the formation of H+

3 ,
which may be formed in a surface reaction between different hydrogen species [283].
Also, since the mean free path of the gas particles is on the order of meters at the
employed pressures [299], a pure gas phase reaction of hydrogen molecules is not very
likely. However, it is very well possible that gas-phase reactants are involved in the
reaction as well.

In surface chemistry, two basic reaction types can be distinguished. On the one
hand a reaction can include the interaction between two species both adsorbed on the
surface (Langmuir-Hinshelwood process), while on the other hand direct interactions of
gas-phase particles with the adsorbate (Eley-Rideal process) [261] can be responsible
for the reaction. An additional scenario, where a surface-bound species that has not
yet thermally accomodated reacts with a neighboring adsorbate atom or molecule prior
to thermalization what has been termed “hot-atom chemistry” [300] is also possible.
Experiments where a beam of neutral hydrogen atoms, generated by dissociation of H2

on a hot tungsten filament, is impinged on a surface with adsorbed alkenes or halogen
atoms were performed. It was demonstrated that the hydrogen forms a bond with
the adsorbate [300–303]. These studies indicate that both Langmuir-Hinshelwood and
Eley-Rideal processes are possible and do not exclude each other [302, 303].

Under the conditions (pressure and temperature) of the experiments presented in this
chapter, none of the above introduced processes occurs when no laser beam is hitting the
surface. No evidence for a surface reaction of adsorbed carbon monoxide and hydrogen
was found in the literature. One example is the study of Rupprechter and coworkers
[277, 278], who have investigated the coadsorption of hydrogen and carbon monoxide on
a palladium surface and did not detect any reaction products. When the laser beam hits
the surface, however, energy is provided and non-equilibrium conditions are initiated.
Probably reactive species like energetic H atoms, and also other hydrogen species like
H+

3 , are created. Thus, a similar reaction mechanism as in the experiments discussed in
the previous paragraph, might play a role. The observation that for Eley-Rideal-type
hydrogenation processes the surface structure may be of minor importance [261] supports
this conjecture, since the experiments presented here are performed under high-vacuum
conditions where the adsorbate is not a well defined monolayer.

In addition to the possibility that the reaction is induced by reactive hydrogen species,
excitations of substrate electrons and phonons might also be involved. Ertl and coworkers
[268] investigated the oxidation of CO to CO2 on a ruthenium surface which is covered
with oxygen and carbon monoxide with femtosecond laser pulses. Photoexcitation leads
to hot substrate electrons that are initiating the oxidation reaction by electron transfer
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Figure 7.11: Extract of ion spectra when
only CO amounts of 0, 1, and 15 sccm are
streamed onto the Pd(100) surface. The
peak at ≈7.5 µs is attributed to the forma-
tion of CO2. The two peaks on the left side
are due to an electronic disturb signal and
do neither scale with the light intensity nor
with the gas concentrations. Measurements
are taken at a surface temperature of 225 K
(peak is also present at room temperature)
and with increased integration time.
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to the adsorbed oxygen. The hot electron mediated oxidation reaction occurs on a sub-
picosecond time scale, whereas desorption of carbon monoxide caused by coupling to
the phonon bath of the substrate metal is happening on a slower time scale. Therefore,
chemical activation of adsorbates by hot substrate electrons represents a new reaction
pathway which is not accessible by heating. Thus, the pump-probe experiments of
Sec. 7.4.4 indicate that a phonon-mediated heating process (lasting typically tens of ps)
cannot be responsible for the observed product ions, but possibly electronic excitations of
the adsorbate. The question if a photoinduced hot electron distribution in the substrate
metal is part of the reaction mechanism is discussed in the following.

Evidence that this mechanism might be involved in the experiments discussed here
is presented in Fig. 7.11. When only carbon monoxide is streamed onto the surface, a
very weak ion peak at an ion mass of 44 amu is observed. As the peak scales with the
employed CO concentrations, it is concluded that it can be assigned to the formation
of CO2. The CO2 may be formed by the same mechanism as in the experiments of
Ertl and coworkers, with the difference that the oxygen is originating from laser-induced
dissociation of CO. This peak disappears when the surface is also exposed to hydrogen
or deuterium. Under these conditions hydrogenation reactions are obviously dominant.

The observation in the experiments with 400 nm pulses (Sec. 7.4.3) that no product
ions are formed seems to indicate that a reaction mechanism involving hot electrons
can be excluded. Usually, such a hot electron mediated mechanism is thought to be
independent of the photon energy, because femtochemistry is assumed to be induced
by a thermalized electron distribution [304]. Therefore, our observation could indicate
the absence of such a mechanism. However, if higher lying electronic resonances of
the adsorbate play an important role for the reaction there should be a dependence
on the photon energy. This dependence could then arise from not yet thermalized hot
electrons (thermalization usually on a 100 fs time scale [304]). But then a higher photon
energy should lead to an increased product yield and not to less yield as our experiment
shows. Another possibility is of course that direct optical excitation of the adsorbate is
involved. Since in our experiment the formed reaction products have to be ionized in
order to be detected, the already in Sec. 7.4.3 discussed importance of a resonance in the
multiphoton ionization process may also play an important role. Therefore, the possible
wavelength dependence due to multiphoton ionization might be dominant and mask

Daniel Wolpert: Quantum control of photoinduced chemical reactions (Diss. Univ. of Würzburg, 2008)



7.6 Towards larger molecules 115

other wavelength dependent processes in the earlier reaction steps. As a consequence,
a hot electron induced reaction cannot be absolutely excluded based on the dependence
of the excitation photon energy.

In principle it is also possible that larger molecules are formed on the surface which
are fragmented by the femtosecond laser pulses. Thus, they could represent a precursor
for some of the product ions we observe. However, no clear evidence for or against this
mechanism was found. Since the formed molecules have to be ionized in order to be
detected by time-of-flight mass spectrometry, high laser intensities are necessary which
could also lead to dissociation of a larger precursor. On the other hand, the laser energy is
needed for the bond formation to overcome energy barriers. In our experiments we varied
the laser intensity over a wide range, from low intensities (no product ions detected) to
high intensities (metal ablation). At neither of the employed intensities we saw product
ions arising from carbon monoxide and hydrogen larger than H2CO+. In addition it is
also difficult to predict if the conditions on the surface (e.g. temperature) are well suited
for the formation of larger molecules. They might not be stable on the surface, like other
experiments, in which molecules brought on a metal surface immediately break apart
(dissociative chemisorption), are showing [305].

7.6 Towards larger molecules

The successful generation of hydrogenated species like formyl and formaldehyde from H2

and CO on a metal surface might be a first step towards new reaction schemes leading
to the production of more complex and larger molecules. The synthesis of methanol
from syngas for instance is feasible by using a palladium catalyst in an appropriate
temperature and pressure regime [272]. Very often in surface science decomposition
reactions of larger molecules during adsorption are studied to gain insights from the
”reverse reaction” about the respective product formation reactions. This has been done
for instance for methanol and for aldehydes adsorbed on palladium. In contrast to carbon
monoxide, where a bond between the carbon and palladium is formed, methanol adsorbs
on Pd(111) with the oxygen towards the palladium surface [306–308] and decomposition
leads to CH3O surface species and subsequent formation of CH3, C and H2. Nevertheless,
methanol synthesis might be possible, as with the formation of formyl and formaldehyde
in our experiments it has been shown that the C-O bond is activated and the molecule
still has binding points available for additional hydrogen. A problem for the detection of
methanol under the current experimental conditions might be the fact that methanol on
Pd(100) starts to decompose to CO and H2 [306, 307] already at 180 K. For formaldehyde
on a Pd(111) surface at 170 K several processes have been observed [309]. Decomposition
to carbon monoxide and hydrogen as well as molecular adsorption occurs. In addition
paraformaldehyde ((H2CO)n) is formed through polymerization at the surface if the
temperature stays below ≈250 K. An intermediate formyl species during formaldehyde
decomposition possibly initiates the polymerization reaction. Since these formyl species
are also present in our experiments as reaction products, a polymerization reaction could
be started from syngas at lower surface temperatures.

The group of H. L. Dai showed that laser radiation can be employed to initiate poly-
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Figure 7.12: Variation of the Pd(100) surface temperature. The employed gas amounts were
4.0 sccm CO and 1.0 sccm H2. The surface temperature was decreased from room temperature
to 188 K.

merization reactions on surfaces [260, 310, 311]. When formaldehyde on Ag(111) single
crystal surfaces is irradiated with UV laser light the product polyoxymethylene could
only be synthesized when the temperature of the surface was chosen appropriately due
to the nature of the reaction steps involved. It was found that polymerization works
best in a certain temperature interval. The surface temperature must not be too low to
be able to overcome thermal reaction barriers in the course of the reaction and at higher
temperatures almost all species desorb (e.g. formaldehyde at 110 K, CO already at 52 K
and polyoxymethylene desorbs and decomposes at 210 K) and thus no reaction occurs.

This has been the motivation for us to explore whether similar processes can also
be induced by starting from syngas mixtures and applying femtosecond laser pulses at
temperatures lower than room temperature. For this experiment the cryostatic cooling
device (see Section 3.4.3) that is connected to the sample holder was used. The metal
surface can be cooled down to about 150 K, and the surface temperature is measured
by a type K thermocouple that is attached to the back side of the metal substrate. A
measurement where the Pd(100) surface is exposed to 4.0 sccm CO and 1.0 sccm H2

is depicted in Fig. 7.12. When the temperature is decreased from room temperature
(293 K) down to 188 K, the ion spectra change slightly. Unfortunately, for all employed
gas amounts in the entire accessible temperature range evidence of a polymerization
reaction leading to larger molecules than HCO+ was not found. However, some changes
compared to the room temperature spectra could be observed. During the decrease of
the temperature the overall ion signal is decreasing and increasing again from 218 K on.
At the lowest temperature (188 K) the water peak is dominating and a contribution at
14 amu from N+ could be identified. This is further confirmed by disconnecting the gas
supply where even after very long irradiation time contributions from residual gas were
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Figure 7.13: Time of flight mass spectra
at 150 K on the Pd(100) surface. Without
supply of gas (red curve) only contributions
from N+ and O+ originating from adsorbed
residual gas are present. The addition of hy-
drogen only leads to the formation of NH+

and hydrogenated oxygen species.
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still present. This is shown in Fig. 7.13 (red curve). Besides the peak at 14 amu another
mass peak at 16 amu assigned to N+ and O+ respectively are observed. Our explanation
is that residual gas adsorption must be strongly enhanced by decreasing the surface
temperature. When the surface is exposed to hydrogen alone (1.0 sccm) in the presence
of the residual gas adsorbate on the surface, new surface species can be synthesized as
the green curve in Fig. 7.13 indicates. At 15 amu a peak is clearly showing up while
the peak at 14 amu corresponding to N+ is decreasing. Since no carbon monoxide is
added it can only originate from NH+. In addition hydrogenated oxygen species are also
observed.

7.7 Conclusion

The experiments demonstrate the feasibility of laser-induced catalytic reactions of carbon
monoxide and hydrogen on a Pd single crystal surface at room temperature and under
high vacuum conditions. Several product molecules have been synthesized, among them
also species (e.g. CH+

3 ) for whose formation three particles are involved. The results
show that the interaction of the surface, its adsorbate and the femtosecond laser occurs
on an ultrafast timescale and is sensitive to the incident laser polarization.

Additional experiments using different reactant gas species and concentrations, two
different single-crystal surfaces, and laser beams with varying characteristics have helped
to reveal certain aspects of the surface reaction and have confirmed that the properties
of the metal substrate are important for an efficient reaction.

However, many other aspects have not been resolved or could not be considered.
Experiments in an ultrahigh vacuum (UHV) using conventional surface spectroscopic
techniques might provide additional insights. Further analysis is needed to clarify the
mechanism and the intermediate steps involved in the observed reactions. Surface science
offers a multitude of surface analytical techniques for this purpose [260, 261].

Another approach for further insight into the reaction is shown in the next chapter.
There, femtosecond pulse shaping and quantum control techniques are used to further
explore the underlying processes.
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8 Adaptive quantum control of
catalytic surface reactions

Adaptive femtosecond quantum control has become a very successful experimental tech-
nique in physics, chemistry and biology. It was shown that ionization and fragmentation
reactions in the gas phase, and also condensed-phase processes could be manipulated by
shaped femtosecond laser pulses, as was already summarized in Section 2.1.2. However,
in the control experiments so far the atomic composition of the molecular system under
study either did not change or it dissociated into fragments. The selective formation
of molecular bonds with shaped femtosecond laser pulses has not been demonstrated
up to now. The femtosecond laser-induced catalytic surface reactions introduced in the
previous chapter, allow to investigate this possibility for the first time.

A first adaptive quantum control experiment, presented in Section 8.1 is performed in
the absence of hydrogen, where the formation of ions from dissociated carbon monoxide
is suppressed with respect to the formation of intact carbon monoxide ions. In the
next step, competing bond-forming reaction channels in the catalytic reaction of carbon
monoxide with hydrogen (Section 8.2) and with deuterium (Section 8.3) are successfully
controlled by a closed-loop optimization. Using quantum control techniques, the surface
reaction mechanism is analyzed with respect to the adsorbate composition in Section 8.4,
and Section 8.5 provides a brief summary of the quantum control experiments of catalytic
surface reactions.

8.1 Reduction of carbon monoxide dissociation

In order to explore if the laser-induced catalytic surface reactions of CO and H2 can be
steered in a desired direction, experiments with phase-shaped femtosecond laser pulses
optimized in a closed learning loop are performed. For the experimental scheme of
Fig. 7.1 this means that the computer is controlling an evolutionary algorithm (Sec-
tion 3.5) to process the experimental data in order to find optimal pulse shapes for a
given reaction. An SHG optimization is conducted before each of the optimizations
presented in the following to make sure that an optimally compressed pulse is obtained.
Thus the optimization results are compared to the impact of a transform-limited pulse.
In the experiments presented in this chapter the employment of a discriminator [see
Eq. (6.22)] is also necessary to avoid too small signal amplitudes in numerator and de-
nominator in a ratio optimization (see discussion in Section 6.3). Consequently pulse
shapes causing too little signal are rejected in the course of an optimization.

A first question of interest is whether the dissociation of CO on the surface due to in-
teraction with shaped femtosecond laser pulses can be controlled. In a first optimization
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Figure 8.1: Ion spectra for the maximization of the ratio CO+/C+ with 4.0 sccm CO and no
H2, obtained with the unmodulated pulse (red curve) and the optimal pulse (black curve). For
comparison, the blue curve shows the latter ion spectrum rescaled by a factor such that the
C+-peaks for unmodulated and optimal pulse match. The green curve in the inset shows the
development of the fitness (the average of the ten best individuals per generation), while the
signal level of the unmodulated pulse is indicated by an orange line for comparison. The two
graphs on the right show the SHG-FROG trace (logarithmic color code) and autocorrelation
of the optimal pulse.

experiment, the control goal (fitness function) is the maximization of the ratio CO+/C+

when the Pd(100) surface is exposed to CO alone. The optimization experiments clearly
show that the ratio can be reproducibly enhanced by a factor of about 5 with respect to
the ratio obtained with a transform-limited pulse (Fig. 8.1). However, the absolute yield
for both C+ as well as CO+ is reduced due to the lower peak intensity of the shaped
pulse. The SHG-FROG trace displayed on the right hand side of Fig. 8.1 together with
the intensity autocorrelation indicates a multiple pulse structure where the central peak
is dominant. Although the shape of the optimal pulse is rather complex leading to
strongly reduced peak intensity, it is remarkable that ion spectra can still be recorded
considering the high nonlinearity of the process.

The ionization potentials of the isolated gas-phase species do not exhibit a strong
difference. While for the ionization of CO 14.0 eV are necessary, the corresponding
value for C is only 11.3 eV [290]. Thus one can conclude that enhancement is not
only due to an intensity effect controlling the ionization process. The optimized pulse
shape must exploit a combined mechanism possibly including all involved processes, i.e.
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dissociation, desorption, ionization and also the presence of the substrate might play a
role. When the palladium surface is exposed to H2 in addition to CO, the optimal pulse
also leads to enhancement of the CH+

2 /C+ and HCO+/C+ ratios (see Section 8.4).

8.2 Control of competing bond-forming reaction
channels

In the next step the manipulation of reactions leading to hydrogenated species by suit-
ably shaped femtosecond laser pulses was investigated. A 1:1 mixture of both gases
CO and H2 is streamed on the palladium surface to explore whether the evolutionary
algorithm is able to find a pulse shape that influences the C-H bond formation. Thus,
the goal of the experiment is to maximize CH+ versus C+. Enhancement of about 100%
compared with the unmodulated femtosecond laser pulse is achieved with the optimal
pulse, as can be seen in Fig. 8.2. In addition, the CH+

2 /C+ ratio is increased as well by
about the same amount. A very surprising feature is the strong reduction of H2O

+ for-
mation with the optimal laser pulse. Single parameter variation however, e.g. variation
of the laser intensity and recording the associated ion spectra with unshaped femtosec-
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Figure 8.2: Ion spectra for the maximization of the ratio CH+/C+ with 4.0 sccm CO and
4.0 sccm H2, obtained with the unmodulated pulse (red curve) and the optimal pulse (black
curve). For comparison, the blue curve shows the latter ion spectrum rescaled by a factor such
that the C+-peaks for unmodulated and optimal pulse match. The green curve in the inset
shows the development of the fitness (the average of the ten best individuals per generation),
while the signal level of the unmodulated pulse is indicated by an orange line for compari-
son. The two graphs on the right show the SHG-FROG trace (logarithmic color code) and
autocorrelation of the optimal pulse.
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Figure 8.3: Ion spectra for the maximization of the ratio CH+/H2O+ with 4.0 sccm CO
and 4.0 sccm H2, obtained with the unmodulated pulse (red curve) and the optimal pulse
(black curve). For comparison, the blue curve shows the latter ion spectrum rescaled by a
factor such that the C+-peaks for unmodulated and optimal pulse match. The green curve
in the inset shows the development of the fitness (the average of the ten best individuals per
generation), while the signal level of the unmodulated pulse is indicated by an orange line for
comparison. The two graphs on the right show the SHG-FROG trace (logarithmic color code)
and autocorrelation of the optimal pulse.

ond laser pulses did not lead to a reduction of the H2O
+ signal relative to the other

peaks. From the experimental data it can be concluded that the optimal pulse favors
the formation of ions having a C-H bond, while H2O

+ formation is reduced. The yield
of CO+ and HCO+ relative to C+ is also greatly enhanced, while the yield of H2CO+

remains almost the same (see Fig. 8.2). This could be an indication for the existance of
different reaction mechanisms for the formation of H2CO+ compared to HCO+.

Since water formation has been reduced even though this has not been the goal of the
previous optimization, the next logical step is to include the H2O

+ yield as a parameter
in the fitness function. Another optimization experiment under virtually the same con-
ditions is performed with the chosen control goal being the maximization of the ratio
CH+/H2O

+. Although performed on another day and with a slightly different starting
ratio compared to the CH+/C+ optimization, the control goal is achieved just as nicely.
Fig. 8.3 shows that the H2O

+ peak is reduced by about 50 percent relative to C+. While
the H2O

+ peak initially is larger than the CH+ peak, this ratio is reversed with the
optimal pulse. The CO+ and HCO+ peak intensities are increased, whereas CH+ and
CH+

2 practically do not change relative to C+. The H2CO+ peak is even slightly reduced.
Also in this experiment, the relative reduction of the water peak cannot be achieved by
intensity variation of the unmodulated pulse. Surprisingly, intensity variation of the
optimal pulse does not lead to a change of the ratio CH+/H2O

+, but the optimization
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Figure 8.4: Ion spectra obtained with the optimal pulse of the CH+/H2O+ optimization.
While CO is set constant to 4.0 sccm, the amount of H2 is changed to 6.0 sccm (black curve)
and to 1.0 sccm (purple curve). The inset shows an extract of the black curve in the region
around 6 µs, with a fit (red) and the three contributing peaks (blue, olive, orange) disclosing
the formation of formaldehyde.

effect is preserved even for pulses attenuated to almost half the intensity.

In these experiments closed-loop femtosecond learning control has been successfully
applied for the first time to the control of two competing reaction channels in which
molecular bonds are created and not just broken. Thus, the catalytic synthesis of
molecules can be selectively steered by closed-loop optimal control with shaped fs-laser
pulses.

For both optimizations, the SHG-FROG trace (top right graph in Figs. 8.2 and 8.3)
shows a pulse sequence with a broad main pulse and a feature after 2 ps. In the pump-
probe experiments of Sec. 7.4.4, using two identical, unmodulated pulses at temporal
distances longer than one pulse width has not lead to any signal at all. The intensity
of the incoming laser field was comparable in all the experiments, however, while the
energy in the pump-probe experiments has been distributed evenly over the two pulses,
the relative position and intensity of the substructures of the optimized pulses might
make the difference.

While the optimizations are performed with 4.0 sccm of both gases streaming into the
vacuum chamber, ion spectra with the optimal pulse shapes are also recorded for other
mixtures, as can be seen in Fig. 8.4 with the amount of hydrogen changed to 6.0 sccm
(1.0 sccm) with the optimal pulse of the CH+/H2O

+ optimization. Two interesting
aspects should be pointed out. First, despite the fact that the H2 is much more (less)
in these cases, the qualitative statement of the optimization that the water peak is
suppressed so much that it is smaller than the CH+ peak is still true. The procedure
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of gas amount variation and analysis of the impact of the optimal pulse is discussed in
more detail in Section 8.4. Second, even though the optimal pulse shape has a smaller
peak intensity compared to the unmodulated pulse, it is still sufficient to produce all
the ions also observed with the unmodulated pulse. Especially, a deconvolution of the
peak resembling hydrogenated CO clearly shows that formaldehyde is also produced in
this case.

8.3 Maximization of DCO+ formation

In the ion spectra where carbon monoxide and deuterium are employed as reactant gases
(Section 7.4.1) the peaks CO+ and DCO+ are clearly separated in contrast to the case
of hydrogen where distinction of the peaks was only possible after deconvolution of the
contributions from CO+, HCO+ and also H2CO+. Thus, when deuterium is chosen
as the second reactant besides CO in an experiment the ion peaks from hydrogenated
(or deuterated, to be precise) carbon monoxide can be included in the definition of the
optimization goal as well. Therefore the deuteration of non-dissociated CO is maximized
with respect to the hydrogenation of carbon only by choosing the ratio DCO+/CD+ as
the fitness function. The algorithm is able to increase the fitness function by about 200%
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Figure 8.5: Ion spectra for the maximization of the ratio DCO+/CD+ with 4.0 sccm CO
and 4.0 sccm D2, obtained with the unmodulated pulse (red curve) and the optimal pulse
(black curve). For comparison, the blue curve shows the latter ion spectrum rescaled by a
factor such that the CD+-peaks for unmodulated and optimal pulse match. The green curve
in the inset shows the development of the fitness (the average of the ten best individuals per
generation), while the signal level of the unmodulated pulse is indicated by an orange line for
comparison. The two graphs on the right show the SHG-FROG trace (logarithmic color code)
and autocorrelation of the optimal pulse.
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Figure 8.6: The ratio DCO+/CD+

recorded with an unmodulated pulse (tri-
angles) and with the pulse optimized for
this ratio (circles) when the laser pulse en-
ergy is decreased.

0.7 0.8 0.9 1.0
0

1

2

3

 unmodulated pulse

 optimal pulse

pulse energy [normalized]

ra
tio

 D
C

O
+

/C
D

+
 [a

rb
.u

.]

after 30 generations (see Fig. 8.5).

However, as the analysis of the ion spectra shows, the CO+ peak scales in the same
way as the DCO+ peak. One might come to the conclusion that only the dissociation
or ionization of CO is optimized similar as in Section 8.1. Since the ionization potential
of 8.6 eV of the isolated radical DCO (8.1 eV for HCO) in comparison to that of CD
(only the ionization potential 10.6 eV of CH could be found) [290] is very low one might
suggest a pure intensity effect. Additionally, this conjecture is supported by the fact
that the CO+ and HCO+ peaks have always increased in the optimizations presented in
the previous section.

In order to clarify the role of the laser pulse intensity this parameter was varied.
When the laser pulse energy is reduced the optimized DCO+/CD+ ratio is becoming
larger for the optimal pulse relative to an unmodulated laser pulse (Fig. 8.6). For even
lower pulse energies, where the overall ion signal has already decreased drastically due to
the high nonlinearity of the process, the fitness of the optimized pulse becomes smaller
and approaches the fitness value of the unmodulated pulse. This implies that a pure
intensity effect alone cannot be responsible for the achieved increase of the DCO+/CD+

ratio. This behavior is further investigated with the very useful procedure of gas amount
variation in the next section.

8.4 Analysis of control mechanisms via variation of gas
amounts

The relative proportion of the two gases can be easily changed with the employed setup,
allowing an analysis of the optimization effect with respect to variations in the adsorbate
composition. Specifically, it is possible to determine if the optimization is insensitive to
hydrogen and if it is achieved via control of carbon monoxide dissociation only. This
can be ruled out from the two exemplary measurements shown in Fig. 8.7.

First, only CO is employed and the ratio CO+/C+ is maximized, as in the experiment
discussed in Section 8.1. Then, hydrogen is added modifying the adsorbate conditions
on the surface. If the H2 amount is small compared to CO, the optimization effect
of an increased ratio CO+/C+ is also transferred to the hydrogenated species. Yet, a
further rise of the H2 concentration leads to alteration of, e.g. the adsorbate arrangement
and electronic states and the optimization effect goes away. The ratio of hydrogenated
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Figure 8.7: Variation of H2 or D2 concentrations after an optimization. a) After maximization
of the ratio CO+/C+ with 4 sccm CO only, H2 is streamed onto the surface. The graph
shows the ratio of all species with hydrogenated CO (29-30 amu) to those with hydrogenated
C (13-15 amu). The optimization effect fades away with increasing H2 amounts. b) After
maximization of the ratio DCO+/CD+ with 4 sccm CO and 4 sccm D2, the amount of D2

is reduced. The graph shows both the fitness goal DCO+/CD+ (red) and the ratio CO+/C+

(blue). With decreasing D2 amounts, the optimization effect diminishes,and the optimal pulse
has no effect on the CO+/C+ ratio in the absence of D2.

ions with the optimal pulse approaches the ratio for an unmodulated pulse (Fig. 8.7a).
Hence, the best pulse in the absence of H2 is not special anymore if large H2 amounts
are applied, substantiating that the pulse is adapted to the specific conditions during
the optimization.

This conclusion is also confirmed by the opposite procedure where an equal mixture of
CO and D2 is employed and the ratio DCO+/CD+ is maximized first, exactly like in the
experiment of the previous section. Subsequent reduction of the D2 amount changes the
conditions on the surface and the optimization effect diminishes (red bars in Fig. 8.7b).
A simultaneous analysis of the ratio CO+/C+ reveals the selectivity of the optimized
pulse shape by showing that the optimal pulse obtained with D2 has no effect on the
CO+/C+ ratio anymore if D2 is absent. Therefore, the optimal pulse does not simply
control CO dissociation but again is adapted to the conditions during the optimization,
i.e. this time with both CO and D2 being present.

8.5 Conclusion

In this chapter, the catalytic surface reactions introduced in Chapter 7 have been in-
vestigated with phase-shaped femtosecond laser pulses. By applying a feedback optimal
control scheme, the reaction outcome could be successfully manipulated and the ratio of
different reaction channels could be selectively controlled. Evidence has been found that
the underlying control mechanism is nontrivial and sensitive to the specific conditions
on the surface.

Daniel Wolpert: Quantum control of photoinduced chemical reactions (Diss. Univ. of Würzburg, 2008)



8.5 Conclusion 127

The experiments shown here represent the first successful experiment on adaptive
femtosecond quantum control of a chemical reaction between adsorbate molecules on a
surface. In contrast to previous quantum control experiments, reaction channels com-
prising the formation of new molecular bonds rather than the cleavage of already exist-
ing bonds are controlled. Our results are a first step towards laser-induced catalysis of
molecules, which is further improved by femtosecond quantum control, providing laser
pulses that are tailored especially for the desired reaction outcome.
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9 Summary

The control of quantum mechanical processes, especially the selective manipulation of
photochemical reactions by shaped femtosecond laser pulses was successfully demon-
strated in many experiments in the fields of physics, chemistry and biology. The diffi-
culty that the multitude of experimentally accessible pulse shapes can not completely be
tested on the quantum system studied was circumvented by the introduction of ”adap-
tive femtosecond quantum control”. Experimental feedback that is directly obtained
from the quantum system itself is used by an evolutionary algorithm in a closed learn-
ing loop to adaptively find the optimal solution for a specific goal. Thus, the quantum
system itself finds the optimally adapted pulse shape.

In this work, attention is directed to the control of two systems that mark a bridge
to real synthetic chemistry. In a liquid phase environment, where most preparative
chemistry takes place, the outcome of the photo-induced Wolff rearrangement of an
industrially relevant diazonaphthoquinone compound, normally used in photoresists (e.g.
Novolak) was optimized using shaped femtosecond laser pulses. In the second series of
experiments chemical reactions on a catalyst metal surface which comprise laser induced
molecular bond formation channels were selectively manipulated for the first time.

The control of liquid phase reactions necessitates adequate spectroscopic signals that
are characteristic for the formed product species. Therefore, a pump-probe setup for
transient absorption spectroscopy in the mid-infrared for the purpose of investigating
ultrafast structural changes of molecules during photoreactions was constructed. It
consists of an Ti:Sa pumped optical parametric amplifier with subsequent difference
frequency mixing stage, where subpicosecond infrared probe pulses, tunable in the region
from at least 4-7 µm are generated. The mid-infrared probe pulses exhibit excellent pulse
to pulse energy stability typically of about 0.5% leading to detectable absoption changes
on the order of 0.1 mOD with reasonable averaging time. With spectrally resolved
detection, a wavenumber range of 80-150 cm−1, depending on the spectral region can
be recorded in a single measurement. The instrumental response time, and thus the
time resolution of the experimental setup using pump pulses at 400 nm is 300 fs. This
versatile setup enables to monitor structural changes of molecules in the liquid phase
and to find appropriate feedback signals for the control of these processes.

Prior to quantum control experiments, the photoinduced Wolff-rearrangement reac-
tion of 2-diazo-1-naphthoquinone (DNQ) dissolved in water and methanol was thor-
oughly investigated. Steady state absorption measurements in the mid-infrared in com-
bination with quantum chemical density functional theory (DFT) calculations revealed
the characteristic vibrational bands of DNQ. The C=N=N stretching vibration around
2116 cm−1 turned out to be the most prominent feature. For the expected photoprod-
ucts (e.g. ketene), the calculations predict the spectral positions of the absorption bands,
that are suspected to appear. A mid-infrared transient absorption study was performed,
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to illuminate the structural dynamics of the ultrafast rearrangement reaction of DNQ,
i.e. to gather information about the formed photoproducts, intermediates and the char-
acteristic time scales of the reaction steps. The experimental observations indicate, that
the Wolff rearrangement reaction of DNQ proceeds very fast. The separation of the
diazo-group, subsequent ring opening, rearrangement and closure of the ring to form
the ketene occurs within 300 fs, which is the time resolution of our experiment. This
finding showed, that no statement on the possible existence of a carbene intemediate, as
proposed in recent experiments [191, 203, 204] can be given. Based on the time-resolved
data a model for the relaxation dynamics of the ketene photoproduct and DNQ after
photoexcitation can be deduced that fits the measured data very well. Population in
the electronic excited state of DNQ can either perform the Wolff rearrangement or is
returning to the ground state. From the partial recovery of the ground state bleach of
DNQ the quantum yield of the reaction is determined to be about 0.32 for both sol-
vents. The ketene right after its formation has an excess of vibrational energy and the
relaxation can be monitored by the shifting absorption band of the C=C=O vibration
of the ketene. The vibrational relaxation dynamics in methanol is with a time constant
of about 10 ps much slower than in water (3 ps).

The object of the quantum control experiments on DNQ was the improvement of the
ketene yield. It was shown that the ketene formation after Wolff rearrangement of DNQ
is very sensitive to the shape of the applied excitation laser pulses. The variation of single
parameters, like the linear chirp as well as the pulse separation of colored double pulses
lead to the conclusion that the well known intrapulse dumping mechanism is responsible
for the impact of the frequency ordering within the excitation pulse on the photoproduct
yield. Due to the shrinking energy gap between the S0 and S1 states, down-chirped
excitation pulses (decreasing momentary frequency) efficiently dump population back
to the electronic ground state, while pulses with up-chirp (rising momentary frequency)
reduce this effect and therefore more population remains in the excited state leading to
an increased product yield. Adaptive optimizations using a closed learning loop basically
lead to the same result, since the optimal pulse for the maximization of the ketene yield
exhibits a similar frequency ordering, where lower frequencies precede higher frequencies.

Besides the liquid phase control experiments, adaptive femtosecond quantum control
was applied to surface reactions on a catalyst metal surface for the first time. Therefore,
the laser-induced catalytic reactions of carbon monoxide (CO) and hydrogen (H2) on a
Pd(100) single crystal surface were studied at room temperature and under high vacuum
conditions. This photochemical reaction initiated with femtosecond laser pulses has not
been observed before. Several product molecules could be synthesized, among them also
species (e.g. CH+

3 ) for whose formation three particles are involved. The systematic
variation of different parameters showed that the reactions are sensitive to the catalyst
surface, the composition of the adsorbate and to the laser properties. A pump-probe
study revealed that they occur on an ultrafast time scale.

These catalytic surface reactions were then investigated and improved with phase-
shaped femtosecond laser pulses. By applying a feedback optimal control scheme, the
reaction outcome could be successfully manipulated and the ratio of different reaction
channels could be selectively controlled. Evidence has been found that the underlying
control mechanism is nontrivial and sensitive to the specific conditions on the surface.
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The experiments shown here represent the first successful experiment on adaptive fem-
tosecond quantum control of a chemical reaction between adsorbate molecules on a sur-
face. In contrast to previous quantum control experiments, reaction channels comprising
the formation of new molecular bonds rather than the cleavage of already existing bonds
are controlled. These results are a first step towards laser-induced catalytic synthesis of
molecules, which is further optimized by femtosecond quantum control, providing laser
pulses that are tailored especially for the desired reaction outcome.

This work successfully showed that quantum control can be extended to systems
closer to situations encountered in synthetic chemistry as was demonstrated in the two
examples of the optimization of a complicated rearrangement reaction and the selective
formation of chemical bonds with shaped femtosecond laser pulses. This opens the door
for laser induced synthesis of molecules from smaller reactants and adds a new dimension
to the already very versatile tool of laser radiation. The combination of shaped 400 nm
pulses with the mid-infrared detection of photoproducts proved to be a very promising
combination. Thus, in the near future attention should be directed to improve the pulse
shaping capabilities further to the ultraviolet spectral region below 400 nm, because
broadband, intense, directly shaped pulses in the ultraviolet would provide access to
more classes of relevant photochemical reactions in the liquid phase.
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Zusammenfassung

Die Kontrolle quantenmechanischer Prozesse, insbesondere die selektive Manipulation
photochemischer Reaktionen mit Hilfe geformter Femtosekunden-Laserpulse wurde auf
den Gebieten der Physik, Chemie und Biologie in vielen Experimenten erfolgreich gezeigt.
Die Schwierigkeit, dass die Vielzahl der experimentell zugänglichen Pulsformen nicht alle
am untersuchten Quantensystem ausprobiert werden können wurde durch die Einführung
des Konzepts der ”adaptiven Femtosekunden-Quantenkontrolle” umgangen. Ein ex-
perimentelles Rückkopplungssignal das vom Quantensystem selbst kommt wird von
einem evolutionären Algorithmus in einer geschlossenen Lernschleife verwendet um in
adaptiver Weise die optimale Lösung für eine bestimmte Zielsetzung zu finden. Auf diese
Weise findet das Quantensystem selbst die optimal angepasste Pulsform.

In dieser Arbeit wird das Augenmerk auf die Kontrolle zweier Systeme gerichtet, die
eine Brücke zur synthetischen Chemie darstellen. In der flüssigen Phase, wo der Großteil
der präparativen Chemie stattfindet, wurde das Resultat der photoinduzierten Wolff Um-
lagerung einer industriell relevanten Diazonaphthoquinone Verbindung, die gewöhnlich
in Photolacken (z.B. Novolak) Verwendung findet, durch geformte Femtosekunden-Laser-
pulse optimiert. In der zweiten Reihe von Experimenten wurden chemische Reaktionen
auf einer Katalysator-Metalloberfläche, die Kanäle mit laserinduzierter molekularer Bin-
dungsknüpfung beinhalten, zum ersten Mal selektiv beeinflusst.

Für die Kontrolle von Reaktionen in der flüssigen Phase benötigt man geeignete spek-
troskopische Messsignale, die charakteristisch für die gebildeten Produktspezies sind. Zu
diesem Zweck wurde ein Versuchsaufbau für Anrege-Abfrage Experimente zur transien-
ten Absorptionsspektroskopie im mittleren Infrarot aufgebaut, um ultraschnelle struk-
turelle Veränderungen von Molekülen während Photoreaktionen zu untersuchen. Es
besteht aus einem von einem Ti:Sa Laser gepumpten optisch parametrischen Verstärker
mit anschliessender Differenzfrequenz-Mischungsstufe, mit der Subpikosekunden-Laser-
pulse zur Abfrage im Infraroten, durchstimmbar mindestens im Bereich von 4-7 µm,
erzeugt werden. Die Pulse im mittleren Infrarot weisen eine hervorragende Stabilität
der Pulsenergie von Puls zu Puls von typischerwise um 0.5% auf, was die Detektion von
Änderungen in der optischen Dichte einer Probe im Bereich von 0.1 mOD bei annehm-
barer Messdauer ermöglicht. Mit spektral aufgelöster Detektion kann, abhängig vom
Spektralbereich, ein Wellenzahlbereich von 80-150 cm−1 mit einer einzigen Messung
aufgenommen werden. Die Ansprechzeit, und damit die Zeitauflösung des Experiments
mit Verwendung von 400 nm Anregepulsen ist 300 fs. Dieser vielseitige Versuchsaufbau
ermöglicht die Messung struktureller Veränderungen in Molekülen in flüssiger Phase und
damit das Auffinden geeigneter Rückkopplungssignale zur Kontrolle dieser Prozesse.

Vor den Quantenkontrollexperimenten wurde die photoinduzierte Wolff Umlagerung
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von 2-Diazo-1-Naphthoquinone (DNQ) in den Lösungsmitteln Wasser und Methanol
sorgfältig untersucht. Lineare Absorptionsmessungen im mittleren Infrarot in Verbindung
mit quantenchemischen Dichtefunktionaltheorie (DFT) Rechnungen lieferten die charak-
teristischen Schwingungsbanden von DNQ. Die C=N=N Streckschwingung bei 2116 cm−1

erwies sich als die bedeutendste Signatur. Die Berechnungen sagen auch die spektralen
Positionen der Absorptionsbanden der erwarteten Photoprodukte (z.B. Keten) vorraus.
Untersuchungen mit transienter Absorptionsspektroskopie im mittleren Infrarot wur-
den durchgeführt, um die strukturelle Dynamik der ultraschnellen Umlagerungsreak-
tion von DNQ zu beleuchten, d.h. Informationen über die entstandenen Photopro-
dukte, Zwischenprodukte und die charakteristischen Zeitskalen der Reaktionsschritte
zu sammeln. Die experimentellen Beobachtungen deuten darauf hin, dass die Wolff
Umlagerung von DNQ sehr schnell abläuft. Die Abspaltung der Diazo-Gruppe, an-
schließende Ringöffnung, Umlagerung und Ringschluss wobei das Keten gebildet wird
verlaufen innnerhalb von 300 fs, was der Zeitauflösung unseres Experiments entspricht.
Dieses Ergebnis bedeutet, dass keine Aussage über die mögliche Existenz eines Carben
Zwischenprodukts, wie kürzlich in Experimenten [191, 203, 204] vorgeschlagen, gemacht
werden kann. Auf der Basis der zeitaufgelösten Daten wurde ein Modell für die Re-
laxationsdynamik des Keten Photoprodukts und DNQ abgeleitet, dass die gemessenen
Daten sehr gut beschreibt. Population im elektronisch angeregten Zustand von DNQ
kann entweder die Wolff Umlagerung ausführen oder in den Grundzustand zurückkehren.
Aus der unvollständigen Wiederauffüllung des ausgebleichten Grundzustands von DNQ
kann die Quantenausbeute der Reaktion mit etwa 0.32 in beiden Lösungsmitteln be-
stimmt werden. Kurz nach seiner Entstehung hat das Keten einen Überschuss an
Schwingungsenergie, dessen Relaxation anhand der Verschiebung der Absorptionsbande
der C=C=O Schwingung beobachtet werden kann. Die Relaxationsdynamik in Methanol
ist mit 10 ps viel langsamer als in Wasser (3 ps).

Das Ziel der Quantenkontrollexperimente an DNQ war die Erhöhung der Ketenaus-
beute. Es wurde gezeigt, dass die Bildung des Keten nach der Wolff Umlagerung des
DNQ empfindlich auf die Form der Anregungspulse reagiert. Die Variation einzelner
Parameter, wie des linearen Chirps sowie des Pulsabstands von farbigen Doppelpulsen
führen zu dem Schluss, dass der gut bekannte Intrapuls-Abregemechanismus verant-
wortlich für den Einfluss der Frequenzfolge innerhalb des Anregepulses auf die Aus-
beute des Photoprodukts ist. Wegen des abnehmenden Energieabstands zwischen den
Zuständen S0 und S1, können Anregepulse mit Down-Chirp (fallende Momentanfre-
quenz) Population effizient in den elektronischen Grundzustand abregen, während Pulse
mit Up-Chirp (steigende Momentanfrequenz) diesen Effekt reduzieren und demzufolge
verbleibt mehr Population im angeregten Zustand was zu erhöhter Produktausbeute
führt. Adaptive Optimierungen unter Verwendung einer geschlossenen Lernschleife führen
zum gleichen Ergebnis, da der optimale Puls zur Maximierung der Ketenausbeute einen
ähnlichen Frequenzverlauf aufweist, bei dem die niedrigeren Frequenzen vor den höheren
Frequenzen kommen.

Neben Kontrollexperimenten in der flüssigen Phase wurden adaptive Quantenkontroll-
methoden erstmalig auf Oberflächenreaktionen auf einer Katalysator-Metalloberfläche
angewendet. Dazu wurden die laserinduzierten katalytischen Oberflächenreaktionen von
Kohlenmonoxid (CO) und Wasserstoff (H2) auf einer Pd(100) Einkristalloberfläche im
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Hochvakuum untersucht. Diese photochemische Reaktion, die durch Femtosekunden-
Laserpulse ausgelöst wird wurde bisher noch nicht beobachtet. Mehrere Produktmoleküle
konnten synthetisiert werden, darunter auch Moleküle für deren Bildung mindestens drei
Eduktmoleküle zusammenkommen und reagieren müssen. Die systematische Änderung
verschiedener Parameter zeigte, dass die Reaktionen von der Katalysatoroberfläche, der
Zusammensetzung des Adsorbats und den Eigenschaften der Femtosekundenlaserpulse
abhängen. Eine Anrege-Abfrage Untersuchung machte deutlich, dass die Reaktionen auf
einer ultrakurzen Zeitskala ablaufen.

Diese katalytischen Oberflächenreaktionen wurden im Anschluss mit Hilfe von phasen-
geformten Femtosekunden-Laserpulsen weiter untersucht und gezielt gesteuert. In adap-
tiven Quantenkontrollexperimenten konnte das Reaktionsergebnis sowie das Verhältnis
unterschiedlicher Reaktionskanäle selektiv manipuliert werden. Es wurden Hinweise ge-
funden, dass der zugrundeliegende Kontrollmechanismus nichttrivial ist und von den
genauen Bedingungen auf der Oberfläche abhängt. Diese Experimente stellen die ersten
erfolgreichen adaptiven Quantenkontrollexperimente an einer chemischen Reaktion zwi-
schen Adsorbatmolekülen auf einer Oberfläche dar. Im Gegensatz zu bisherigen Quan-
tenkontrollexperimenten wurden hierbei Reaktionskanäle optimiert, die die Formung und
nicht den Bruch einer molekularen Bindung umfassen. Diese Ergebnisse sind ein erster
Schritt in Richung laser-induzierter katalytischer Synthese von Molekülen, zusätzlich
optimiert durch Methoden der Quantenkontrolle mit maßgeschneideren Laserpulsen um
das gewünschte Reaktionsergebnis zu erzielen.

Diese Arbeit zeigt, dass die Methoden der Quantenkontrolle auf Systeme, die den
Situationen in der synthetischen Chemie nahekommen, erfolgreich angewendet wer-
den können, wie mit den zwei Beispielen, der Optimierung einer komplizierten Um-
lagerungsreaktion und der selektiven Bildung chemischer Bindungen mit geformten Fem-
tosekunden-Laserpulsen demonstriert wurde. Dies ermöglicht die laserinduzierte Syn-
these von Molekülen aus kleineren Edukten und fügt dem ohnehin schon sehr vielseit-
igen Werkzeug des Lasers eine neue Dimension hinzu. Die Verbindung von geformten
400 nm Pulsen mit der Detektion von Photoprodukten im mittleren Infrarot erwies sich
als vielversprechend. Deswegen sollte in Zukunft das Augenmerk darauf gelegt wer-
den die Pulsformungsfertigkeiten weiter im Ultravioletten Spektralbereich unter 400 nm
zu verbessern, da breitbandige, intensive, direkt geformte Laserpulse im Ultravioletten
den Zugang zu weiteren Klassen relevanter photochemischer Reaktionen in der flüssigen
Phase ermöglichen würde.
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