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Kurzfassung
Ziel der vorliegenden Arbeit war die Entwicklung neuartiger Methoden in der Ultra-

kurzzeitspektroskopie von chiralen Molekülen, basierend auf den optischen Nachweismeth-
oden Zirkulardichroismus- und optische Rotationsspektroskopie. Zudem sollten die Meth-
oden auch für ihre Eignung hinsichtlich der chiralen Quantenkontrolle, d.h. der selektiven
Änderung der chiralen Eigenschaften von Molekülen mit Hilfe von kohärentem Licht,
beleuchtet werden.

Im Falle des Nachweises über den Effekt des Zirkulardichroismus (CD, von engl. circular
dichroism) wurde im Rahmen dieser Arbeit ein optischer Aufbau entwickelt, der einen be-
liebigen Polarisationszustand eines ultrakurzen Laserimpulses spiegeln kann. Mit diesem
Aufbau ist es daher möglich, einen links-zirkular polarisierten Laserimpuls zu einem
rechts-zirkular polarisierten Laserimpuls zu spiegeln. Die so erzeugten Pulsenantiomere
können demnach als Abfragelaserimpulse in einem Anrege-Abfrage-CD-Experiment ver-
wendet werden. Zudem eignet sich der Aufbau auch für Experimente zur Ellipsome-
triespektroskopie oder für zeitaufgelöste Anisotropiemessungen. In dieser Arbeit wurde
die Methode genutzt, um die Photochemie von Hämoglobin zu untersuchen. Hämoglobin
ist ein eisenhaltiges Protein, welches für den Sauerstofftransport im Blut aller Wirbeltiere
zuständig ist. Die Abgabe von Sauerstoff kann dabei auch mittels Anregung durch
einen Laserimpuls erfolgen. Die Auswertung der durchgeführten zeitaufgelösten Anrege-
Abfrage-CD-Experimente legt nahe, dass die Relaxation in den Grundzustand in mehreren
Schritten, vermutlich verbunden mit Änderungen des Spin-Zustands des metallischen Por-
phyrins, erfolgt.

Die entwickelte Spektroskopiemethode für den Nachweis mittels optischer Rotations-
dispersion (ORD, von engl. optical rotation dispersion) basiert auf einer Kombination aus
optisch einpfadiger Interferometrie und akkumulativer Femtosekundenspektroskopie. Das
entwickelte Polarimeter wurde zunächst mittels einer exemplarischen Photoreaktion für
Anwendungen in der Ultrakurzzeitspektroskopie getestet. Weiterhin wurde das Polarime-
ter auch zur Unterscheidung zwischen einer achiralen und einer racemischen Molekül-
Lösung genutzt. Anstatt die chiralen Moleküle in Lösung zunächst mittels nicht-optischer
Methoden zu separieren, wurde hier auf optischem Weg ein Enantiomerenüberschuss
erzeugt. Dazu dienten zirkular polarisierte Laserimpulse, die je nach Händigkeit ein Enan-
tiomer in der Lösung selektiv anreicherten. Die Entstehung des Enantiomerenüberschusses
wurde zeitabhängig mit Hilfe des entwickelten Polarimeters detektiert. Dieses Experiment
stellt daher gleichzeitig eine Vorstufe zur chiralen Quantenkontrolle dar. In einem näch-
sten Schritt wäre eine Vergrößerung des Enantiomerenüberschusses durch Anpassung der
polarisierten Anregepulse an das molekulare System denkbar.

Neben diesen beiden neu entwickelten experimentellen Methoden wurden im Rahmen
dieser Arbeit auch die theoretischen Bedingungen für anisotropiefreie Anrege-Abfrage-
Experimente für beliebige Polarisationszustände hergeleitet. Da gerade bei der Spek-
troskopie von chiralen System die Messsignale typischerweise sehr schwach sind, sollten
Anisotropie-Effekte vermieden werden. Die Ergebnisse dieser theoretischen Betrachtung
fanden daher auch für die oben erwähnte CD-Spektroskopie von Hämoglobin Verwendung.
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Da im Falle von chiraler Quantenkontrolle eine Änderung der chiralen Eigenschaften eines
Moleküls von Nöten ist, sind lichtinduzierte ultraschnelle Umlagerungsreaktionen von
großer Bedeutung. Daher wurde in dieser Arbeit auch die Wolff-Umlagerung von einer α-
Diazocarbonyl-Verbindung mit Hilfe von zeitaufgelöster Massenspektroskopie untersucht.
Obwohl das verwendete Molekül nicht chiral ist, sind die Ergebnisse dieses Experiments,
wie zum Beispiel der exakte Reaktionsmechanismus, hilfreich für zukünftige Kontrollex-
perimente mit chiralen Systemen.
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Abstract

This work brings forward successful implementations of ultrafast chirality-sensitive
spectroscopic techniques by probing circular dichroism (CD) or optical rotation dispersion
(ORD). Furthermore, also first steps towards chiral quantum control, i.e., the selective
variation of the chiral properties of molecules with the help of coherent light, are presented.

In the case of CD probing, a setup capable of mirroring an arbitrary polarization state of
an ultrashort laser pulse was developed. Hence, by passing a left-circularly polarized laser
pulse through this setup a right-circularly polarized laser pulse is generated. These two
pulse enantiomers can be utilized as probe pulses in a pump–probe CD experiment. Be-
sides CD spectroscopy, it can be utilized for anisotropy or ellipsometry spectroscopy also.
Within this thesis, the approach is used to elucidate the photochemistry of hemoglobin,
the oxygen transporting protein in mammalian blood. The oxygen loss can be triggered
with laser pulses as well, and the results of the time-resolved CD experiment suggest a
cascade-like relaxation, probably through different spin states, of the metallo-porphyrins
in hemoglobin.

The ORD probing was realized via the combination of common-path optical hetero-
dyne interferometric polarimetry and accumulative femtosecond spectroscopy. Within
this setup, on the one hand the applicability of this approach for ultrafast studies was
demonstrated explicitly. On the other hand, the discrimination between an achiral and
a racemic solution without prior spatial separation was realized. This was achieved by
inducing an enantiomeric excess via polarized femtosecond laser pulses and following its
evolution with the developed polarimeter. Hence, chiral selectivity was already achieved
with this method which can be turned into chiral control if the polarized laser pulses are
optimized to steer an enhancement of the enantiomeric excess.

Furthermore, within this thesis, theoretical prerequisites for anisotropy-free pump–
probe experiments with arbitrary polarized laser pulses were derived. Due to the small
magnitude of optical chirality-sensitve signals, these results are important for any pump–
probe chiral spectroscopy, like the CD probing presented in this thesis. Moreover, since
for chiral quantum control the variation of the molecular structure is necessary, the knowl-
edge about rearrangement reactions triggered by photons is necessary. Hence, within this
thesis the ultrafast Wolff rearrangement of an α-diazocarbonyl was investigated via ul-
trafast photofragment ion spectroscopy in the gas phase. Though the compound is not
chiral, the knowledge about the exact reaction mechanism is beneficial for future studies
of chiral compounds.
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Chapter 1

Introduction

Figure 1.1: Facsimile of Canon No. 1 a 2 “crab canon” of “The Musical Offering” by Johann Sebastian
Bach (1747), BWV 1079 [11]. If the second score line is folded behind the first score line and the beginning
is connected to the end such that both score lines have the same orientation, i.e., with a half-twist, a
Möbius strip is generated. Since the halt-twist is possible either clockwise or anticlockwise two musical
enantiomers can be created.

Symmetry is a key property in physics and beyond, with the beauty of symmetrical
structures being amenable to scientists, painters, poets, musicians and others. Hence,
due to the presence of such structures in both our professional and everyday life, everyone
is at least unconsciously familiar with the concept of symmetry. One fascinating example,
from the field of classical music, is the enigmatic Canon No. 1 a 2 (canon cancrizans) from
J. S. Bach’s “Musical Offering”, dating back to 1747. The facsimile is presented in Fig. 1.1,
showing a single score whose beginning (first line) joins the end (second line). Hence, by
folding the second score line behind the first score line and connecting the beginning with
the end such both score lines have the same orientation, a loop can be created. In a
mathematical interpretation, this structure is topologically equivalent to a Möbius strip
[12], i.e., a bundle of line segments over a circle. A simultaneous performance of the
score (Fig. 1.1) in forward and backward direction gives appearance to two voices which
are closely related to each other due to symmetry1. Furthermore, a half-twist clockwise
between the two score lines in Fig. 1.1 will give a different embedding of the Möbius
strip than a half-twist counterclockwise. In other words, these two different Möbius strips
are chiral objects with different “handedness” (right-handed or left-handed). Hence, the
two embeddings correspond to musical enantiomers since they are mirror images of each
other.

Of course, J. S. Bach is not the only composer which utilizes the power of symmetrical
structures in his work. Other important representatives are Olivier Charles Messiaen and
Alexander Scriabin [13]. Messiaens music was strongly symmetric in pitch, e.g. periodi-
1For an audiovisual presentation see, e.g., www.strangepaths.com/canon-1-a-2/2009/01/18/en/.
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2 1 Introduction

cally alternating intervals, and time, i.e., so-called serial music [14]. Besides such obvious
symmetrical elements in their compositions, both musicians connected their work also
with the representation of their music with the help of visible colors. Messiaen as well as
Scriabin were synesthetes, i.e., humans who connects sounds and/or chords with colors.
The latter even constructed an own circle of fifths which corresponds to a thought-out
system based on Newtons Opticks, i.e., his color theory, [15] which is therefore symmet-
rical by definition. He pioneered the synthesis of music and light with his synesthetic
symphony Prometheus:the Poem of Fire where a color organ was utilized to accompany
the sounds of the orchestra [13].

Symmetry and light are also the central components of this thesis, which aims at de-
termining the chirality, i.e., symmetry, of molecules with the help of coherent light. In
the macroscopic world, the determination of symmetrical, and thus also chiral, structures
is rather straightforward, even if it occurs unconsciously sometimes. Like the musical
examples above, where the symmetrical chords are pleasant to hear, certain symmetries
in human faces are recognized as beautiful. However, in the microscopic domain the
determination of symmetric structures is more complex. Nevertheless, nature has devel-
oped incredible mechanisms for sensing chirality physiologically, for example via enantio-
sensitive scent perception. However, identifying symmetries of molecules or nano-objects
in the laboratory is very often rather challenging. Two of the most popular techniques
found in physics and chemistry, namely circular dichroism (CD) and optical rotation dis-
persion (ORD), which allow for the detection of chirality, are based on the interaction
between light and matter.

Both techniques are routinely used for measuring steady-state CD, or ORD respectively,
spectra in various applications in science and industry. Like in the case of absorption
spectrometers, also CD and ORD spectrometers are commercially available. However,
in the field of photochemistry only few time-resolved chirality-sensitive experiments are
known. While transient absorption is very common nowadays and one can even buy
commercial transient-absoprtion spectrometers, the low magnitude of chiral signals is a
major obstacle for time-resolved chirality-sensitive spectroscopy. This work aims exactly
at this vacancy by successfully bringing forward new spectroscopic approaches for ultrafast
chirality-sensitive spectroscopy for both CD and ORD detection. For that purpose, a CD
and an ORD spectrometer were built, characterized, and demonstration experiments were
performed.

Moreover, this thesis also addresses a question beyond spectroscopy. Is it possible to
control, i.e., alter, the molecular chirality with the help of ultrashort laser pulses? While
theoretical propositions for chiral quantum control have been known in the literature for
several years now, experimental demonstrations are however still lacking. Even though
this thesis cannot provide a successful experimental implementation, major milestones
towards the goal of chiral quantum control are presented. The main challenge is the es-
tablishment of a suitable feedback signal which can determine the change in chirality of
the molecules under investigation. This task is closely related to the spectroscopic ap-
proaches mentioned above. Thus, it is experimentally demonstrated that the developed
probes are capable of detecting very small chirality-sensitive signals. Furthermore, one
must be able to induce a measurable change in the chirality of the molecules under inves-
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tigation with ultrashort laser pulses, which is also presented. The outline of this thesis is
thus as follows.

To be able to describe the conducted experiments properly, a theoretical background
is introduced in Chapter 2. It comprises a mathematical description of ultrashort laser
pulses, including nonlinear optics and the polarization state. Moreover, also basic princi-
ples of photochemistry are briefly introduced, while focusing on how to probe and control
chirality. Subsequently, in Chapter 3, the utilized experimental configurations are de-
tailed. The emphasis hereby lies on the ORD spectrometer, i.e., polarimeter, in Section 4.1
and the CD spectrometer in Section 4.2. Afterwards, an ultrafast rearrangement reaction
of an achiral molecule in the gas phase is investigated in Chapter 5. Since the relative
orientation between atoms or residuals in molecular systems is the key property of chiral
molecules, the knowledge about such photoinduced molecular rearrangements can help to
understand how a selective variation of atomic bonds might be possible. Chapter 6 deals
with theoretical considerations of anisotropy contributions in pump–probe experiments
for arbitrary polarization states of the utilized laser pulses. Like in transient absorp-
tion, also in transient CD and ORD spectroscopy anisotropy effects can cover the true
sample response. Hence, for successful implementations of chirality-sensitive experiments
the deduced propositions are very valuable. After that, the suitability of the developed
polarimeter for sensitive ultrafast spectroscopy of chiral molecules is demonstrated in
Chapter 7. The same probe is utilized in Chapter 8 to discriminate racemic from achiral
solutions. Since in this case already a chiral signal is induced by ultrashort laser pulses,
this is a first step towards chiral quantum control. In the following, the detection is turned
to circular dichroism in Chapter 9. Here, the capabilities of the developed CD spectrom-
eter are demonstrated by investigating the photochemistry of the oxygen transporter in
human blood, hemoglobin.

Finally, the performed experiments and the theoretical work is summarized in Chap-
ter 10. Moreover, also potential future applications for spectroscopy and control of chiral
femtochemistry of the presented detection techniques are presented.
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Chapter 2

Theoretical background
Since this thesis is dedicated to present spectroscopic approaches to deduce microscopic
properties of matter, knowledge about fundamental processes of light–matter interaction
is required. On the one hand, the probe, in this case ultrashort laser pulses, and on
the other hand the system under investigation, molecules, have to be described theoreti-
cally. Furthermore, also the principles of the interaction between them will be introduced.
Thus, the following chapter is divided in several sections which first of all will deal with the
probe. After the mathematical description of ultrashort laser pulses in Sec. 2.1 and an in-
troduction to nonlinear processes in ultrafast optics in Sec. 2.2, the theoretical description
of the polarization state of femtosecond laser pulses is detailed in Sec. 2.3. Afterwards, a
brief introduction into photochemistry, i.e., light-matter interaction, is given in Sec. 2.4.
Since large parts of this work deal with chiral systems, Sec. 2.4 will also deal with the
properties of such molecular systems. Finally, Sec. 2.4 closes with theoretical suggestions
how the chirality of molecules can be changed or influenced by ultrashort laser pulses.

2.1 Mathematical description of ultrashort laser pulses

For the investigations presented in this thesis, ultrashort laser pulses on the femtosecond
timescale were used both to excite the system under investigation as well as to probe
the resulting changes. Since these pulses were manipulated to be suitable for the per-
formed experiments, a mathematical description is necessary in order to understand these
manipulations.

As all transverse electromagnetic (EM) waves, also an ultrashort laser pulse can be
described either by an electric E(t, r) or a magnetic field B(t, r) for every point in space
r and at every time t. Since these fields have to obey Maxwell’s equations [16], they are
always oriented perpendicularly to each other in the far-field [16]. In the following, only
the electric field E(t, r) is considered which must obey the inhomogeneous wave equation
[17, 18]

− ∇ × [∇ × E(t, r)] − 1
c2

0

∂2

∂t2
E(t, r) = µ0

∂2

∂t2
P(t, r), (2.1.1)

which in this form is only valid for homogeneous, nonmagnetic materials. Thus, the speed
of light in vacuum is referred by c0 = 1/√µ0ε0 with the vacuum permittivity1 ε0 and the
vacuum permeability2 µ0. The polarization P(t, r) can be either a response of, or itself the
origin of an electric field. Thus, E(t, r) is coupled spatio-temporally to P(t, r). However,
in the case of free space propagation, where P(t, r) = 0, Eq. (2.1.1) simplifies to the
1ε0 = 8.854187817... × 10−12 F/m [19]
2µ0 = 4π × 10−7 N/A2 = 12.566370614... × 10−7 N/A2 [19]
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2.1 Mathematical description of ultrashort laser pulses 5

homogeneous wave equation [16]. Besides this assumption, it is also assumed that the
laser pulse propagates in the z direction without loss of generality in the following. In
this case the solution of Eq. (2.1.1) [16] can be separated into a product of two functions

E(t, r) ∝ u(r)E(t, z) + c.c. (2.1.2)

where c.c. refers to the complex conjugate of the preceding terms. The first factor u(r)
incorporates the description of the spatial beam profile which will be discussed in detail in
Sec. 2.1.3, while the second term E(t, z) parameterizes the polarization state of the laser
pulse (see Sec. 2.3) as well as the propagation along the z axis and the time dependence.
This propagation of a laser pulse, or more general of an EM wave, can be described
rather intuitively in the time domain. However, since time and frequency domain are
unambiguously connected via Fourier transform [20], a description in one of those two
domains is sufficient. This will be discussed in more detail in the subsequent section.

2.1.1 Equality of time and frequency description

The mathematical description of the time evolution of EM waves can be done analogously
in the frequency domain due to the inherent properties of the Fourier transform [20], as
described in the following. Here, the vectorial properties of the EM wave, i.e., the laser
pulse, are neglected and the field is considered at a fixed point in space z. Thus, without
loss of generality the real-valued scalar temporal electric field can be described by

E(t) = E+(t) + E−(t) (2.1.3)
= A(t)eiΦ(t) + A(t)e−iΦ(t)

= A(t)eiΦ(t) + c.c.

= 2A(t) cos[Φ(t)]

where A(t) stands for the real-valued temporal envelope of the EM wave and Φ(t) refers
to the temporal phase function. Note, that the abbreviation c.c. refers to the complex
conjugate of the preceeding term, which will be used for the ease of notation in the
following. As can be seen from Eq. (2.1.3), the laser pulse is characterized completely if
the envelope and the phase function are known. With the help of the Fourier transform
F , the field in Eq. (2.1.3) can be converted to the frequency domain

E(ω) = F{E(t)} = 1√
2π

∫ +∞

−∞
E(t)e−iωtdt (2.1.4)
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Figure 2.1: Comparison of few-cycle pulses and pulses which meet the SVEA criteria. (a) A laser pulse
with an intensity-FWHM of 3 fs with a CEP of a0 = 0 (red) compared with a pulse with a0 = π

2 (blue)
at a center wavelength of 800 nm. The gray dashed line shows an oscillation with the carrier frequency
ω0. By multiplying it with a Gaussian envelope function (black solid line) the laser pulses (red, blue) can
be described. (b) The same comparison for an intensity-FWHM of 30 fs.

and vice versa with the help of the inverse Fourier transform F−1

E(t) = F−1{E(ω)} = 1√
2π

∫ +∞

−∞
E(ω)eiωtdω (2.1.5)

one comes back to the temporal electric field E(t). As can be seen from Eq. (2.1.4), the
electric field in the frequency domain E(ω) can in general comprise positive and negative
frequencies ω. However, it is sufficient to consider only positive frequencies, leading to

E+(ω) =

E(ω) for ω ≥ 0
0 for ω < 0

. (2.1.6)

This definition still delivers unambiguous results due to the mathematical property
E(ω) = E∗(−ω) of the Fourier transform of the real-valued electric field E(t) [18, 20, 21].
Thus, in analogy it is sufficient to describe the laser pulse in the time domain with the
complex-valued function E+(t) [compare with Eq. (2.1.3)]

E+(t) = A(t)eiΦ(t). (2.1.7)

As mentioned before, an ultrashort laser pulse can be characterized if the amplitude
and phase function are known, which is true both for the time and the frequency domain.
The temporal phase function

Φ(t) = ω0t+ ϕ(t) (2.1.8)
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2.1 Mathematical description of ultrashort laser pulses 7

is responsible for the fast oscillation of the electric field in Eq. (2.1.7) as illustrated in
Fig. 2.1. This function is separable in a linear part ω0t and a nonlinear part ϕ(t). The
former is the origin of the fast oscillations with the carrier frequency ω0 (cf. gray dashed
line in Fig. 2.1a). For the laser pulses utilized in this thesis it is appropriate to factor out
the linear modulation in Eq. (2.1.8) leading to

E+(t) = A(t)eiϕ(t)eiω0t = Â(t)eiω0t, (2.1.9)

which is only valid under the condition that the complex envelope function Â(t) does not
vary significantly within one optical cycle T = 2π

ω0
. This assumption is called slowly-

varying envelope approximation (SVEA) [18, 21, 22] which is fulfilled if the relation
∥ d

dtÂ(t)∥ ≪ ω0∥Â(t)∥ holds. For shorter, so-called few cycle pulses [18, 21], which indeed
are commonly generated nowadays [23–26], this simplification fails. However, a theoretical
treatment is still possible [24, 26] but is not introduced in this thesis. A graphical demon-
stration of this approximation is depicted in Fig. 2.1, where few-cycle pulses (Fig. 2.1a)
are compared with pulses which meet the SVEA criteria (Fig. 2.1b). While in the first
case adding of π

2 to Φ(t) changes the temporal evolution of the electric field dramatically
(compare the maximum positions of the red and the blue curve in Fig. 2.1a) in the second
case hardly any differences can be observed. Since in this work only laser pulses which
meet the SVEA criteria were utilized, this approximation will be applied for all results
presented within this thesis.

After discussing the linear term of the temporal phase function [Eq. (2.1.8)], the non-
linear term will be considered in the following. Therefore, the derivative of Eq. (2.1.8) is
calculated, leading to the momentary frequency

ωm(t) = dΦ(t)
dt

= ω0 + dϕ(t)
dt

(2.1.10)

with which the laser pulse oscillates at a given moment in time. The derivative of the
reduced temporal phase function ϕ(t) thus describes the deviation of the carrier frequency
ω0 at time t. This implies that in order to change the temporal behavior systematically
one has to change Φ(t) in a well-defined manner. To do so, it is common to expand Φ(t)
in a Taylor series around t = 0

Φ(t) =
+∞∑
k=0

ak
k!
tk where ak = dkΦ(t)

dtk

∣∣∣∣∣
t=0

. (2.1.11)

The zeroth-order coefficient a0 is called the carrier-envelope phase (CEP) and determines
the position of the actual maximum of the carrier oscillation relative to the envelope
function Â(t) [compare with Eq. (2.1.7)]. This is visualized in Fig. 2.1a, where a so-
called cosine pulse with a0 = 0 (red) and a sine pulse with a0 = π

2 (blue) are juxtaposed.
While in the first case E(t) reaches its maximal value for t = 0 the sine pulse exhibits
E(t = 0) = 0. However, if the pulse duration gets sufficiently long, such that SVEA
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8 2 Theoretical background

conditions are met, the CEP has a negligible influence (see Fig. 2.1b). Furthermore,
commonly applied pulse characterization techniques which were used in this work, and
will be presented in Sec. 3.1.3, are not able to resolve the CEP. Since the utilized laser
source (confer Sec. 3.1.1) has also a varying CEP from pulse to pulse a consideration
of this phase is also not feasible. However, the CEP of laser pulses can be stabilized
[25, 27, 28] and it was already shown that by controlling it one can influence the outcome
of a photochemical experiment [29, 30].

The first-order coefficient a1 reveals the carrier frequency ω0 while the higher-order
coefficients refer to the reduced phase function ϕ(t). As described above, they lead to
a time-dependent variation of the carrier frequency [Eq. (2.1.10)]. In the case of ak =
0 ∀ k ≥ 2 the pulses are unchirped, as those presented in Fig. 2.1, i.e., the momentary
frequency is constant. Vice versa, if ϕ(t) ̸= 0 the pulse is either upchirped (dωm(t)

dt > 0) or
downchirped (dωm(t)

dt < 0), depending on the sign of the reduced phase function.
After discussing the temporal phase function Φ(t), it is also noteworthy that the same

Taylor expansion can be performed in the frequency domain due to the equality of time
and frequency domain [see Eqs. (2.1.4) and (2.1.5)]. In this case, the expansion is centered
around the carrier frequency ω0, i.e., the center frequency of the laser spectrum

Φ(ω) =
+∞∑
k=0

bk
k!

(ω − ω0)k where bk = dkΦ(ω)
dωk

∣∣∣∣∣
ω=ω0

. (2.1.12)

The zeroth-order coefficient again refers to the CEP while the relation b0 = −a0 holds.
Higher order terms, constituting the reduced spectral phase function ϕ(ω), lead to a vari-
ation of the temporal profile of the laser pulse. Due to the mutual Fourier relationship a
laser pulse can be described either with a spectral or a temporal phase function. How-
ever, due to the actual experimental realization (e.g., pulse shaping with a zero-dispersion
compressor layout [31–34]) one typically chooses the spectral description.

2.1.2 Spatial propagation

Up to now, the description of ultrashort pulses was restricted to a given point in space.
However, in reality the laser pulses travel through space and hence can also traverse
dispersive material. To describe such changes, the spatial beam profile u+(r) is again
neglected and also the vectorial properties of E(t, r) [confer Eq. (2.1.2)] are dropped.
Furthermore, without loss of generality the propagation direction is chosen along the z
axis. Thus, Eq. (2.1.1) changes to

(
∂2

∂z2 − 1
c(ω)2

∂2

∂t2

)
E(t, z) = µ0

∂2

∂t2
P (t, z). (2.1.13)

Mind, that in this case the speed of light in the material c(ω), which is traversed, is used
instead of the speed of light in vacuum c0. By assuming a linear relationship between the
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2.1 Mathematical description of ultrashort laser pulses 9

electric field E(ω, z) and the polarization P (ω, z), i.e., a treatment of P (ω, z) as in classical
electrodynamics [16], the two quantities can be connected via the dielectric susceptibility
tensor χ(ω) in the frequency domain

P (ω, z) = ε0χ(ω)E(ω, z). (2.1.14)

Hence, one can derive traveling EM waves of the form

E(ω, z) = E+(ω, 0)e−ik(ω)z + c.c. = E+(ω, z) + E−(ω, z) (2.1.15)

which solve the reduced inhomogeneous wave equation (2.1.13) [compare to Eq. (2.1.6)].
Here, k(ω) refers to the wave vector of the electric field which points along the propagation
direction, in this case the z direction. The material dependence of the propagation is
included in the definition of the wave vector

k(ω) = ω

c(ω)
= ω

c0
ñ(ω) (2.1.16)

since it depends on the complex refractive index ñ(ω) = c0
c(ω) . To gain a complete picture

of spectral and spatial (in the propagation direction) properties of ultrashort laser pulses
one has to combine both descriptions. This is possible, since the wave vector is connected
to the frequency-dependent phase function Φ(ω) [see Eq. (2.1.12)] via

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

c0
ñ(ω)L. (2.1.17)

The phase function is thus dependent on the distance L which the laser pulse traveled
in a certain medium which is described by the frequency-dependent complex refractive
index

ñ(ω) =
√

1 + χ(ω) = n(ω) − iκ(ω). (2.1.18)

It consists of the complex part κ(ω), responsible for processes like absorption or gain, and
the real part n(ω) describing dispersion and refraction [35]. In the ideal case of loss-free
propagation κ(ω) = 0 holds and thus the refractive index reduces to the real part n(ω).
Since the phase function Eq. (2.1.17) changes due to the interaction with the media, also
the Taylor expansion Eq. (2.1.12) exhibits additional terms in the coefficients

bk = dkΦ(ω, L)
dωk

∣∣∣∣∣
ω=ω0

= dkΦ(ω, 0)
dωk

∣∣∣∣∣
ω=ω0

+ L

c(ω)

(
k
∂k−1ñ(ω)
∂ωk−1 + ω

∂kñ(ω)
∂ωk

)∣∣∣∣∣
ω=ω0

. (2.1.19)

In the trivial case that the laser pulse traverses through vacuum, i.e., ñ(ω) = 1, only b0
and b1 change. The zeroth-order coefficient exhibits an additional constant phase, while
the term L

c
is added to the first order coefficient b1. This accounts for a temporal shift of
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Figure 2.2: Gaussian beam propagation. On the left, the intensity distribution of the lowest-order
Gaussian beam TEM00 is shown (red solid) as a function of the traverse distance r from the axis. On the
right, the propagation of the beam through a waist at z = 0 is shown. The hyperbolic lines (red) 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 blue lines. In the far-field limit, R(z) equals z, and the beam size increases linearly with
the traveled distance, as indicated by the black dashed lines, which also denote the divergence angle β.
Figure adapted from Ref. [36]

the Gaussian envelope Â(t), corresponding to the propagation from z = 0 to z = L. This
changes in the case of dispersive media, which will not be described here in detail. The
interested reader can find more details in the literature, e.g., Refs. [18, 21].

2.1.3 Spatial beam properties

In the last two sections, only the second term in Eq. (2.1.2), E(t, z), has been consid-
ered. The description with such plane waves (u+(r) = const.) simplifies the previously
introduced mathematical descriptions significantly. However, the assumption is in no way
physically meaningful since such an electric field carries an infinite amount of energy [16].
Hence, this section deals with the first term u+(r) in Eq. (2.1.2) and thus with the prop-
erties perpendicular to the propagation direction, i.e., the beam profile of the utilized
ultrashort laser pulses.

Thus, one needs a more complex function for u+(r) to describe the beam profile of
an ultrashort laser pulse, Eq. (2.1.2) needs to be examined in more detail. As the fast
oscillating term is contained in E+(t, z), one can make use of the paraxial approximation
[17, 18] with which the wave equation Eq. (2.1.1) in vacuum, i.e., P(t, r) = 0, can be
rewritten as

∆su
+(s, z) − 2ik0

∂

∂z
u+(s, z) = 0. (2.1.20)

Here, s refers to the traverse Cartesian coordinates s = (x, y)T and ∆s is the Laplace
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2.1 Mathematical description of ultrashort laser pulses 11

operator [16] acting on these traverse coordinates. The relevant solutions to Eq. (2.1.20)
are Gaussian-spherical waves, often called Gaussian beams [17]. Laser sources delivering
femtosecond laser pulses, as the ones used in the course of this work (confer Sec. 3.1.1), are
usually designed to operate in the lowest-order transverse electromagnetic mode (TEM00)
[17, 18, 21], which takes the form

u+(s) = u0
1√

1 + z2/z2
0

e−iψ(z)eik x2+y2
2R(z) e− x2+y2

w2(z) (2.1.21)

with the spot size w(z) = w0

√
1 + z2

z2
0

which reaches its minimal value at the beam waist
w(z = 0) = w0. The first phase term in Eq. (2.1.21) represents the so-called Gouy phase
ψ(z) = arctan( z

z0
) [37], while the second phase factor contains the radius of curvature

R(z) = z + z2
0
z

, which for large distances from the beam waist simplifies to R(z) ≈ z, i.e.,
the curvature of the beam is equivalent to the curvature of a spherical wave originating
from z = 0. In this far-field limit, the divergence angle β, as shown in Fig. 2.2 becomes
β ≈ w(z)

z
, leading to the approximation w(z) ≈ zλ

πw0
for the spot size. Furthermore,

Eq. (2.1.21) contains the Rayleigh range

z0 = πw2
0

λ
(2.1.22)

which describes the distance from the optical axis where the amplitude has dropped to 1
e
.

Hence, it is a measure for the extension of the waist region, i.e., the region where the spot
size lies between w0 and

√
2w0 for a given wavelength λ. These parameters are visualized

in Fig. 2.2.

A beam is called collimated if its beam diameter does not change significantly over the
distances of interest, i.e., in the Rayleigh range. From Eq. (2.1.22), it can be derived
that a tightly focused beam is collimated for a very short distance only. Especially for
pump–probe experiments (see Sec. 3.2) where different laser beams have to be overlapped
spatially, it is crucial to adjust both beam sizes appropriately such that the pump beam
diameter is always bigger compared to the probe beam. With the help of the derivations
above it is possible to approximate the beam diameter after passing a lens (or after
reflection from a focusing mirror) with focal length f . If a collimated beam at wavelength
λ with the diameter w(f) passes the lens its focal beam waist can be calculated via

w0 ≈ fλ

πw(f)
. (2.1.23)

Since ultrashort pulses have a rather broad spectrum, this approximation will not be
sufficient in every case. Hence, the measurement of the beam size in the focus cannot be
omitted (see Sec. 3.1.3). Still, Eq. (2.1.23) can be used for an educated guess.
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2.2 Nonlinear processes in ultrafast optics

In the first section of this chapter only linear effects, i.e., the polarization response due to
an electric field, were considered. However, since nearly every measurement in this work
made use of nonlinear effects a theoretical treatment of such phenomena is necessary. On
the one hand, those effects are important for nonlinear spectroscopic techniques where the
electric field interacts nonlinearly with the system under investigation. On the other hand,
such effects are very important for the generation of ultrashort pulses in other spectral
regions than the fundamental of the utilized laser system by frequency conversion. Such
nonlinear effects can only occur for high electric field strengths which can be achieved
easily with femtosecond light sources used in this thesis (see Sec. 3.1.1). The principle
concepts will be discussed and also selected examples for frequency conversion processes
are introduced in the following sections.

2.2.1 Nonlinear polarization

In the case of ultrashort laser pulses that exhibit very high electric fields on the order of
several GV/m [18, 35] which exceeds inner-atomic field strengths [18, 35], the assumption
that the polarization is treated as linear response to the electric field, as done in Sec. 2.2,
is not valid in general. For a treatment of such nonlinear effects the frequency-dependent
polarization P (ω) [confer Eq. (2.1.14)] has to be expanded into higher orders of E(ω) to
account for nonlinear contributions

P (ω) = ε0

∞∑
k=1

χ(k)E(ω)k (2.2.1)

= ε0
{
χ(1) [E(ω)] + χ(2) [E(ω)]2 + χ(3) [E(ω)]3 + . . .

}
.

Here, the spatial coordinates and the vectorial properties have been dropped, again with-
out losing generality. As mentioned in Sec. 2.1.2, the susceptibility χ(k) can be described
by a tensor of rank k + 1. The second-order polarization component pointing into the x
direction can thus be calculated with [35]

P (2)
x (ωq) = ε0

∑
(j,k)

∑
(n,m)

χ
(2)
xjk(−ωq;ωn, ωm)E1,j(ωn)E2,k(ωm). (2.2.2)

The summation is carried out over all frequencies ωn and ωm, while ωn + ωm = ωq must
be fulfilled, and over all spatial coordinates j, k = {x, y, z}. One can interpret Eq. (2.2.2)
as follows: the interaction of the two electric fields E1,j(ωn) and E2,k(ωm) with a medium
described by the dielectric tensor χ(2)

xjk gives rise to a new radiative field at a frequency of
ωq. In general, the two electric fields originate from different sources, but it is of course
also possible that two waves of the same source generate a nonlinear signal as in the case
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2.2 Nonlinear processes in ultrafast optics 13

of second harmonic generation (see Sec. 2.2.2).
The symmetry of the medium which is interacting with the fields is reflected in the

properties of the susceptibility tensors χ(k) [35, 38, 39]. For example, for centrosymmetric
media, i.e., if the media exhibit inversion symmetry, χ(2) vanishes [35]. Hence, all second-
order interactions cannot occur and furthermore also all higher even orders are non-
existent. All optical materials like gases, liquids, and solids have however a non-zero third-
order susceptibility in common [39] which gives rise to effects like self-phase modulation
and thus white-light generation (Sec. 2.2.2). More details about the susceptibility tensor
and the corresponding symmetry can be found in the literature [35, 39, 40].

For the scope of this work it is noteworthy that for all presented spectroscopic studies
the lowest nonlinear interaction is thus third-order since all systems under investigation are
centrosymmetric. Hence, time-resolved spectroscopic techniques like transient absorption
are also based on the interaction with the third-order susceptibility tensor χ(3).

2.2.2 Processes allowing for frequency conversion

As explained at the beginning of this chapter nonlinear optics are used to generate laser
pulses in different spectral regions with the help of the same fundamental of an ultra-
short laser source (see Sec. 3.1.1). This is possible with the help of birefringent crystals
like β-barium borate (BBO), potassium dihydrogen phosphate (KDP), potassium titanyl
phosphate (KTP), lithium triborate (LBO), and many others [35, 40] within a χ(2) pro-
cess. However, also χ(3) processes are possible for frequency conversion and typically
used to generate broad spectra, i.e., a white-light continuum, with the help of physical
effects like self-phase modulation. The mentioned tunability is possible due to different
phase-matching conditions within a birefringent crystal and will be discussed in the sub-
sequent section. In the following, the focus lies on presenting common processes which
allow for frequency conversion as used in the course of this work. All discussed processes
are sketched schematically in Fig. 2.3.

Sum- and difference-frequency generation (SFG and DFG)

The most prominent example of nonlinear frequency conversion is three-wave mixing [35]
where two incident electric waves generate a third one, as described by Eq. (2.2.2). Thus,
by Fourier transforming Eq. (2.2.2) to the time domain and specifying the two electric
fields one is able to calculate the second-order polarization in the time domain P (2)(t)
explicitly. By assuming a non-zero χ(2), the generated nonlinear polarization gives rise to
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Figure 2.3: Nonlinear frequency conversion processes. (a) Sum-frequency generation (SFG) leads to the
conversion of two incident photons of different wavelength in the nonlinear crystal which to one resulting
photon with the sum of the incident frequencies. A special case of SFG is second harmonic generation
(SHG) where the two incident photons exhibit the same frequency. (b) Difference-frequency generation
is the reverse process of SFG. Here, two photons are conversed into one photon with the difference of
their frequencies is created. (c) Optical parametric amplification (OPA) is used to amplify weak signal
photons (= seed) with photons of another frequency ωpump. This results not only in an amplified signal,
but also in a weak idler beam. (d) Generation of a white-light continuum (WLC) is an example for a χ(3)

process. Via the interaction of the pump photons with the crystal the spectra is broadened significantly.
Figure adapted from Ref. [41].

a radiative signal field

E
(2)
sig(t) ∝ A2

1(t)e2iωnt + A∗2
1 (t)e−2iωnt SHG 2ωn (2.2.3)

+ A2
2(t)e2iωmt + A∗2

2 (t)e−2iωmt SHG 2ωm
+ 2A1(t)A2(t)ei(ωm+ωm)t + 2A∗

1(t)A∗
2(t)e−i(ωm+ωm)t SFG ωn + ωm

+ 2A1(t)A∗
2(t)ei(ωm−ωm)t + 2A∗

1(t)A2(t)e−i(ωm−ωm)t DFG ωn − ωm

+ 2 |A1(t)|2 + 2 |A2(t)|2 OR ω ≈ 0

consisting of several contributions. The first two lines are the so-called second harmonic
generation (SHG), a special case of sum-frequency generation (SFG) which is the third
case [35]. The first case refers to the doubling of the frequency of ωn, while the second case
refers to the SHG of the frequency ωm. In the special case ωn = ωm the first three cases
are equivalent, otherwise the third case leads to the sum of both initial frequencies. Vice
versa, difference-frequency generation (DFG) is also possible and generates the difference
frequency ωn−ωm, which is the fourth possibility [35]. Finally, there is a fifth term which
does not depend on a frequency at all. This non-oscillating component is known as optical
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2.2 Nonlinear processes in ultrafast optics 15

rectification (OR) [35]. All these processes (see Fig. 2.3a-c) are possible with the same
nonlinear material, however they do not occur at the same time since the phase-matching
condition must be met as will be explained in Sec. 2.2.3.

Optical parametric amplification (OPA)

A related process to DFG is optical parametric amplification where a photon of frequency
ωsignal, the so-called seed, interacts with another photon with frequency ωpump, as depicted
in Fig. 2.3d. In analogy to the DFG process, this gives rise to a photon with a frequency
of ωidler = ωpump −ωsignal and furthermore to an amplified signal field. This originates from
an energy transfer of the pump beam to the signal and idler beam. Predominantly, the
energy is dumped into the signal beam, hence the seed is amplified because the emission
of more photons at ωsignal can be stimulated if already photons of that frequency are
present [35]. This amplification process is typically used to generate intense laser pulses
in spectral regions which are not harmonics of the fundamental laser beam. However,
therefore one has to generate at least a low-intense seed beam in the desired spectral
range. This is possible with the so-called white-light generation process which will be
explained in the following.

Generation of a white-light continuum (WLC)

Up to now, only second-order effects were discussed, however, these can only occur in
birefringent crystals (confer Sec. 2.2.3). In contrast, the generation of white-light contin-
uum (WLC) can in principle occur in every transparent media if an ultrashort laser pulse
is focused into such a material. In that case χ(3) effects are utilized for frequency con-
version processes. After passing the medium the spectra of the laser pulse is broadened
significantly, ranging from 0.3 up to 2.4 times the initial central frequency of the laser
pulse [42]. This is also the reason why the resulting spectra is called white-light contin-
uum or sometimes even supercontinuum [18, 35, 43]. The effect was first reported in the
1970s [44] and since then many theoretical and experimental studies to understand this
process(es) have been performed. However, up to now the origin of this effect is still under
debate [43, 45]. Up to now, self-phase modulation (SPM) is considered as the dominant
starting mechanism. Besides that also effects like Kerr lensing, usual material dispersion,
self-steepening and plasma formation play an important role for WLC generation [46–49].
Due to the continuous spectral profile over a broad frequency range, such a light source
is ideally used as seed pulse in an OPA process (see Fig. 2.3d).

2.2.3 Phase matching

Although in Eq. (2.2.2) no spatial dependence is noted, the frequency conversion pro-
cess can occur in principle at every position of the traversed material described by the
susceptibility tensor. As noted in the previous section one typically utilizes birefringent
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16 2 Theoretical background

materials, obeying χ(2) ̸= 0, to do so. However, for an efficient conversion both frequency

ωq = ωn + ωm (2.2.4)

and momentum
kq = kn + km (2.2.5)

have to be conserved [35]. While the first condition [Eq. (2.2.4)] was already discussed in
the previous section, here the focus lies on the second equation [Eq. (2.2.5)]. In that equa-
tion, the wave vectors of the respective electric fields are denoted with ki, i ∈ {q, n,m}.
Since the first equation [Eq. (2.2.4)] can be fulfilled at an arbitrary point in space zi,
with z being the propagation direction within the material, a new radiative field with
frequency ωq is generated at all these points. If the second relation [Eq. (2.2.5)] does
not hold, the new radiative fields with frequency ωq will interfere destructively. To avoid
that, the so-called phase matching condition in Eq. (2.2.5) must be fulfilled. Then, a new
field arising from the point z0 will interfere constructively with the field originating from
z1. If kn and km are oriented parallel, i.e., the two laser pulses travel collinearly, then
kq must also point in the same direction to fulfill Eq. (2.2.5). In this case and under the
assumption that no absorption occurs, one can rewrite Eq. (2.2.4) to

kq
n(ωq)

= kn
n(ωn)

+ km
n(ωm)

(2.2.6)

with the help of the corresponding refractive indices n(ωi) which in general are not iden-
tical due to dispersion. However, to fulfill not only Eq. (2.2.4) but also Eq. (2.2.5) the
relation

n(ωq) = n(ωn) = n(ωm) (2.2.7)

must hold [35]. Hence, in order to be able to achieve phase matching one utilizes uniaxial
birefringent crystals [35, 39, 40]. Those exhibit two crystal axes with different indices of re-
fraction, typically called ordinary (index o) and extraordinary (e) axis. Correspondingly,
the electric waves which travel along these axes are called ordinary and extraordinary
wave, respectively. Thus, in the collinear case [Eq. (2.2.6)] one has to adjust the polar-
ization state (see Sec. 2.3) and/or the orientation of the utilized birefringent crystal to
achieve phase matching.

2.3 The polarization state of ultrashort laser pulses

In Section 2.1 it was stated that ultrashort laser pulses can be described by a vector
E(t, r) depending on time t and space r. While the temporal (see Sec. 2.1.1) and the
spatial dependence (see Sec. 2.1.3) were already discussed, the vectorial property of the
electric field was so far excluded from the discussion. Hence, this section focuses on
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2.3 The polarization state of ultrashort laser pulses 17

exactly this property. To start with, we consider Eq. (2.1.3) in its vectorial form

E(t) = A(t)eiΦ(t) + c.c. . (2.3.1)

Like before, again without losing generality, the traveling direction of the laser pulse is
chosen to be the z direction. Furthermore, since the electric field E(t) is a physical quan-
tity and thus must be real valued one can describe this propagation (confer Eq. (2.1.16)
in Sec. 2.1.2) in vacuum via

E(z, t) = 2A(t) cos [ω0t− kzz + ϕ(t)] (2.3.2)

where ω0 refers to the center frequency and kz to the z component of the wave vector.
Here, again the reduced temporal phase function ϕ(t), as introduced in Eq. (2.1.8), is used.
Since in this section the focus lies on the properties of the real-valued envelope function
A(t) only transform-limited pulses (see Sec. 3.1.3) are considered, and thus ϕ(t) := 0
holds. The absolute phase is also not considered here, since we only want to describe
pulses which meet SVEA conditions as introduced in Sec. 2.1.1. As can be seen from
Eq. (2.3.2), A(t), and thus also E(z, t), must be a two component vector, since light is a
transverse wave [16, 50]. Hence, one can transform Eq. (2.3.2) to

E(z, t) =
(
Ex(t)
Ey(t)

)
=
(
Ax(t)
Ay(t)

)
cos [ω0t− kzz] , (2.3.3)

by absorbing the prefactor 2 of Eq. (2.3.2) into the amplitude functions Aj(t), (j = {x, y}).
Hence, Aj describe the time evolution of the direction of the electric field vector, which is
called polarization per definition. In the further discussion, the temporal dependence of
the amplitude functions Aj is dropped, thus the discussion is limited to plain waves with
frequency ω0. However, the discussed results are also valid for laser pulses since analogous
relations hold for all frequencies included in an ultrashort laser pulse.

In the case of Ax ̸= 0 ∧ Ay = 0 Eq. (2.3.3) changes to

E1(z, t) =
(
Ex
0

)
=
(
Ax
0

)
cos [ω0t− kzz + φ1] , (2.3.4)

where the direction of the electric field vector varies only along the x axis. This special
case is called linear polarization, since a projection of the light wave onto the xy plane
leads to a straight line (here along the x axis). By exchanging x and y, i.e., the case
Ax = 0 ∧ Ay ̸= 0, Eq. (2.3.3) takes the form

E2(z, t) =
(

0
Ey

)
=
(

0
Ay

)
cos [ω0t− kzz + φ2] . (2.3.5)
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18 2 Theoretical background

This describes also linear polarization where the electric field oscillates only along the y
axis. In both cases, an arbitrarily constant phase φj (j = {1, 2}) can be included, since it
does not alter the polarization states described by Eqs. (2.3.4) and (2.3.5). This changes,
if those two orthogonal polarizations are superimposed. Due to the superposition principle
for electromagnetic waves [50] this leads to

Es(z, t) = E1(z, t) + E2(z, t) =
(

Ax cos [ωt− kzz]
Ay cos [ωt− kzz + ρ]

)
, (2.3.6)

where the substitution ρ = φ2 −φ1 was applied after subtraction of the arbitrarily chosen
phase φ1 for both directions. This approach is possible since the absolute phase is not
considered in this work (see Sec. 2.1.1).

The so-called relative phase or phase difference ρ between the two linear independent
polarization components [Eqs. (2.3.4) and (2.3.5)] is an important variable for the resulting
polarization state. Hence, in the two subsequent sections mathematical approaches to
describe the polarization of an electromagnetic wave time-independently are introduced.
Note, that in general also a time-dependent definition is possible. However, for all pulses
which are utilized in this thesis this is not necessary.

2.3.1 Elliptical pulse parameters

For a given point in time, the polarization can be characterized by the amplitude ratio

tan(χ) = Ay
Ax

∈
[
0, π

2

]
, (2.3.7)

and the relative phase which is restricted to the interval ρ ∈ [−π, π] due to the 2π-
periodicity of the trigonometric functions sine and cosine. Using the addition theorem
cos(α + β) = cos(α) cos(β) − sin(α) sin(β) and the identity sin2(x) + cos2(x) = 1 [12],
Eqs. (2.3.4) and (2.3.5) can be transformed to

Ex
Ax

= cos[kz − ω0t], (2.3.8)

Ey
Ay

= cos[kz − ω0t] cos[ρ] −
√

1 − cos2[kz − ω0t] sin[ρ]. (2.3.9)

Again, after subtraction of the arbitrarily chosen phase φ1 for both directions, the sub-
stitution ρ = φ2 − φ1 was applied. Subtracting Eq. (2.3.8) from Eq. (2.3.9) yields

Ey
Ay

− Ex
Ax

cos(ρ) = −

√√√√1 − E2
x

A2
x

sin(ρ), (2.3.10)
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2.3 The polarization state of ultrashort laser pulses 19
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Figure 2.4: Orientation of the polarization el-
lipse in the xy plane according to Eqs. (2.3.12)
and (2.3.13). Both reference systems, with tilde
(ellipse coordinates) and without (laboratory co-
ordinates), which are connected through a princi-
pal axis transformation [51] are presented. In the
coordinate system of the ellipse the polarization
state is directly characterized by the ellipticity ε.

which can be transformed to

E2
y

A2
y

+ E2
x

A2
x

cos2[ρ] − 2ExEy
AxAy

cos[ρ] =
(

1 − E2
x

A2
y

)
sin2[ρ] (2.3.11)

after squaring. With the help of the already used identity sin2(x) + cos2(x) = 1 [12]
Eq. (2.3.11) can be transformed into

E2
x

A2
x sin2[ρ]

+
E2
y

A2
y sin2[ρ]

− 2ExEy cos[ρ]
AxAy sin2[ρ]

= 1, (2.3.12)

describing an ellipse in the laboratory coordinates. If one performs a principal axes trans-
formation [51], visualized in Fig. 2.4, the ellipse can also be described in the coordinates
of the ellipse itself

Ẽ2
x

Ã2
x

+
Ẽ2
y

Ã2
y

= 1. (2.3.13)

The ellipse in Eq. (2.3.13) is described in the laboratory coordinate system through the
amplitudes Ai (i = {x, y}), or via the angle χ from Eq. (2.3.7). Thus, this yields the
rectangle with the dimensions 2Ax × 2Ay depicted in Fig. 2.4. The principal axis trans-
formation [51] results in the dashed rectangle with the dimensions 2Ãx × 2Ãy, described
by the angle ε, which is also called ellipticity. To connect both rectangles, i.e., the two
coordinate systems, the angle θ, describing the orientation of the main ellipse axis with
respect to the x axis of the laboratory coordinate system, is needed. The angles ε and
θ are called elliptical pulse parameters and are connected to the angle χ and the relative
phase ρ through

ε = 1
2

arcsin {sin(2χ) sin(ρ)} , (2.3.14)
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Figure 2.5: Stereographic projection of the
Poincaré sphere. The two-dimensional represen-
tation shows, that every polarization state can
be described by two parameters. While the ellip-
ticity ε (vertical axis) describes the polarization
state, the angle θ (horizontal axis) is needed to
describe the orientation of the polarization el-
lipse. In a three-dimensional representation, the
red arrows would constitute a path on a merid-
ian starting from the equator, over the north
pole back to the equator on the other side of the
sphere.

ε

θ

-π/4

π/4 π/2-π/2 -π/4 0

π/4

θ =


θ̃ ∈ {−π/4, π/4} if: χ ≤ π/4
θ̃ + π/2 ∈ {π/4, π/2} if: χ > π/4 ∧ θ̃ < 0
θ̃ − π/2 ∈ {−π/2,−π/4} if: χ > π/4 ∧ θ̃ ≥ 0

, (2.3.15)

where
θ̃ = 1

2
arctan {tan(2χ) cos(ρ)} . (2.3.16)

The exact derivation of the elliptical pulse parameters in Eqs. (2.3.14) and (2.3.15) can
be found in Ref. [51].

Both calculated angles define the so-called Poincaré sphere, with 2θ being the azimuth
angle and 2ε referring to the polar angle. A two-dimensional representation, the so-called
Poincaré plane, is shown in Fig. 2.5. In the three-dimensional representation the red path
in Fig. 2.5 would constitute a path on a meridian on the Poincaré sphere: starting at
ε = θ = 0 in Fig. 2.5, the oscillating plane of the electric field vector is constant, leading
to LIN polarized light. Increasing the ellipticity ε for fixed amplitudes Aj (j = {x, y}),
which refers to an increasing relative phase ρ, the electric field gets elliptically polarized,
as indicated by the upward red arrow. At the point ε = π

4 , i.e., ρ = π
2 , the polarization

is circular. A further variation of the ellipticity ε (must be a decrease, since ε ∈ [−π
4 ,

π
4 ])

leads again to an elliptical polarization, indicated through the downward red arrow. If the
value ρ = π, corresponding to ε = 0, is reached, the polarization is linear again. But in
this case, the polarization is orthogonal to the starting point (ε = θ = 0, see Fig. 2.5). In
the three-dimensional Poincaré sphere the described path thus corresponds to a meridian
which starts and ends on the equator and passes the north pole. To distinguish between
right and left handedness in the case of elliptical or circular polarization, the definitions

sgn (sin[ρ]) < 0 ⇒ right-circular (RC) polarization
sgn (sin[ρ]) > 0 ⇒ left-circular (LC) polarization (2.3.17)
sgn (sin[ρ]) = 0 ⇒ linear (LIN) polarization (2.3.18)

are used.
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2.3 The polarization state of ultrashort laser pulses 21

With the definitions introduced above, it is thus possible to describe a time-independent
polarization state of a femtosecond laser pulse. Since the elliptical pulse parameters cannot
be adjusted directly, the adjustment of the polarization state must be done with the help
of the amplitudes Aj (j = {x, y}) and the relative phase ρ. To describe ultrashort pulses
where the polarization state is changing within a single pulse, one has to define these
parameters at every point in time. Due to the intrinsic relation of time and frequency
domain (see Sec. 2.1.1) this is thus also possible in the frequency domain.

2.3.2 Jones calculus

In the previous section, a mathematical description of the polarization state of an ultra-
short laser pulse with the help of elliptical pulse parameters was introduced. Unfortu-
nately, the description through the ellipticity ε (or the relative phase ρ) and the orientation
angle θ is not intuitive. Especially if the polarization state of an electromagnetic wave
is altered by passing several optical elements, the calculation of the final polarization
state is demanding. Thus in 1941, R. Clark Jones introduced a very useful technique
for describing the change of the polarization state of an electromagnetic wave which is
traversing an optical system [52–57]. The formalism is powerful and widely used such that
it is nowadays named Jones calculus in honor of its inventor. It treats the optical setup
(or parts of it) as linear system, which can be characterized by an appropriate matrix, the
so-called Jones matrix [50, 55, 56]. The light waves are described as vectors which refer
to the polarization state of the examined wave (see Sec. 2.3.1). Hence, the polarization
state of the light wave which has passed several optical elements can be calculated by
matrix multiplication, yielding again a Jones vector describing the outgoing wave. With
this simple formalism the calculation of the polarization state of an electric field which
has passed an optical system can be performed straight-forward.

Jones vector

As described in Section 2.3.1, an electromagnetic wave can be expressed by a complex-
valued vector [see Eq. (2.3.3)] which can be understood as superposition of two linearly
independent light waves. Thus, every component (here one is chosen along the x, the
other along the y direction) has its own absolute phase ψj (j = {x, y})

E(t, z) =
(
Ex(t)
Ey(t)

)
ei(kz−ω0t+φ) =

(
Axeiψx

Ayeiψy

)
ei(kz−ω0t). (2.3.19)

In the Jones formalism, the absolute phase Φ and the relative phase φ are defined through

Φ = 1
2

(ψx + ψy)

φ = 1
2

(ψx − ψy) . (2.3.20)
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This is exactly the opposite definition than in the previous section. Yet, this is just
nomenclature while the physical effects remain equal. With the help of the definitions in
Eq. (2.3.20) it is possible to rewrite Eq. (2.3.19) to

(
Ex(t)
Ey(t)

)
ei(kz−ω0t+φ) =

(
Ax(t)e−iφ

Ay(t)e+iφ

)
ei(kz−ω0t+Φ). (2.3.21)

The complex valued, time-dependent amplitudes of the x and y component of the light
wave in Eq. (2.3.21) define the Jones Vector

J =
(
Ax(t)e−iφ

Ay(t)e+iφ

)
, (2.3.22)

which describes the polarization state by neglecting the propagation in the z direction.
Since this dependence does not influence the polarization state, this approach is reason-
able. Furthermore, since the intensity I of a light wave (in isotropic media) is given
through I ∝ E∗ · E [see Eq. (3.1.1)], which leads to

I ∝ J∗ · J = A2
x(t) + A2

y(t), (2.3.23)

it is convenient to use the normalized and dimensionless Jones vector which fulfills

J∗ · J = 1. (2.3.24)

In the following, the time dependence of the Jones vector is dropped for the ease of
notation. This is reasonable, since the polarization state of a laser pulse is not varied
during the pulse duration throughout this work. However, via polarization pulse shaping
[51, 58, 59] this is possible, which can also be considered theoretically. For the scope of
this work however, an elliptical polarized electric wave has a Jones vector of the form

J =
(

cos[θ]e−iφ

sin[θ]eiφ

)
, (2.3.25)

where φ describes the relative phase between the two linearly independent components
and θ refers to the angle relative to the x axis.

Sometimes it is necessary to formulate the Jones formalism in three dimension, e.g., if
an optical system includes mirrors or other devices which change the travelling direction
of the light. Of course, it is possible to transform the coordinate system and always
keep a two-dimensional Jones vector [60]. However, this approach is sometimes not very
intuitive, thus here a three-dimensional Jones vector is introduced. This is achieved by
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2.3 The polarization state of ultrashort laser pulses 23

including another entry, for the z direction in the Jones vector of Eq. (2.3.25) resulting in

J =

 cos[θ]e−iφ

sin[θ]eiφ

0

 . (2.3.26)

In this case, the z component is zero, since this is the propagation direction of the light
wave and thus the electric field can only cover the xy plane. If a mirror now changes the
propagation direction, the Jones vector can be calculated in the same coordinate system
via the cross product of the Jones vector with the normal of the mirror surface [61].

Jones matrices

After deriving the form of an arbitrary Jones vector, the next step is to describe optical
elements with Jones matrices [56] to be able to calculate the polarization state after
transversing an optical system. As mentioned above, the Jones calculus is treating optical
elements as linear systems. Thus, the resulting Jones vector of the outgoing electric wave
is linearly dependent on the incident electric wave, i.e., the input Jones vector. By defining

Jin =
(
E0x
E0y

)
, (2.3.27)

as input vector and

Jout =
(
E ′

0x
E ′

0y

)
, (2.3.28)

as output vector, the linear system can be expressed as

E ′
0x = m11E0x +m12E0y

E ′
0y = m21E0x +m22E0y . (2.3.29)

Of course, Eq. (2.3.29) can be rewritten in matrix form, resulting in

(
E ′

0x
E ′

0y

)
=
(
m11 m12
m21 m22

)(
E0x
E0y

)
(2.3.30)

and thereby introducing the Jones matrix MJ with matrix elements mij [56]. Hence,
Eq. (2.3.30) is equivalent to

Jout = MJJin. (2.3.31)

The determination of Jones matrices for common optical elements is straightforward, if
the effect of the optical element is known. This can be demonstrated with some simple
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examples, starting with the isotropic element

Jout =
(

1 0
0 1

)
Jin = Jin. (2.3.32)

A linear polarizer, whose transmission axis is oriented along the x axis is described by

Polx =
(

1 0
0 0

)
. (2.3.33)

Furthermore, one can deduce with the help of the rotation matrix [12]

Rot(θ) =
(

cos[θ] − sin[θ]
sin[θ] cos[θ]

)
(2.3.34)

the Jones matrix for an arbitrarily oriented linear polarizer to be

Pol(θ) =
(

cos2(θ) sin(θ) cos(θ)
sin(θ) cos(θ) sin2(θ)

)
(2.3.35)

where θ describes the angle between the transmission axis of the polarizer and the x axis.

Also wave plates can be described within the Jones formalism. In general a wave plate
introduces a retardation δ = ψx − ψy between two linearly independent components of
the incoming electric field. If the wave plate has its principal axis parallel to the x and
y directions of the laboratory coordinate system, the refractive indices seen by the x and
y components of the electric field are nx and ny, respectively. Hence, the components of
the outgoing Jones vector can be calculated by

E ′
0x = E0xe−ik0lnx

E ′
0y = E0ye−ik0lny , (2.3.36)

where k0 = 2π
λ0

, with the wavelength λ0, and l refers to the length of the retarder. The
wavelength dependence of the refractive indices is neglected here. To include this, every
wavelength (frequency) must be calculated separately with analogous equations. Since
the retardation is given by δ = kol(ny − nx) (see Appendix in Ref. [62]) Eq. (2.3.36) can
be rewritten as

E ′
0x = E0xe−ik0lnyeiδ

E ′
0y = E0ye−ik0lny . (2.3.37)
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The previous equations can be transformed into the more common symmetrical form

E ′
0x = E0xe−iψe+i δ

2

E ′
0y = E0ye−iψe−i δ

2 , (2.3.38)

where ψ = k0l
nx+ny

2 holds. The phase factor e−iψ in Eq. (2.3.38) is equal for both linearly
independent polarization components and thus can be absorbed in the unconsidered ab-
solute phase factor. Hence, the Jones matrix for a wave plate oriented along the x and y
direction of the laboratory coordinate system can be described by

WP(δ) =
(

ei δ
2 0

0 e−i δ
2

)
. (2.3.39)

Like in the case of linear polarizers [Eq. (2.3.35)], the Jones matrix for an arbitrarily
oriented wave plate can be calculated with the help of Eq. (2.3.34).

Furthermore, Jones matrices can also be used to describe the reflection or transmission
at an interface between two different isotropic media. This is especially helpful to describe
reflection and transmission at the surface of optical elements since this may change the
polarization state. The initial medium in which the incident electric field propagates and
the one of the optical element are characterized by their indices of refraction ni and nt,
respectively. In absorbing media, such as metals, the index of refraction is complex [63],
whereas non-absorbing materials, such as dielectric mirrors and glasses, exhibit a real-
valued index of refraction (≥ 1). From the index of refraction, the Fresnel coefficients for
reflection and transmission can be obtained. These coefficients depend not only on the
index of refraction but also on the angle of incidence θi onto the surface. With Snell’s law

cos θt =
√

1 −
(
ni
nt

)2
sin2 θi, (2.3.40)

the Fresnel coefficients [50, 64] become

r⊥ = Er
E0

= −sin(θi − θt)
sin(θi + θt)

(2.3.41)

t⊥ = Et
E0

= 2 sin θt cos θi
sin(θi + θt)

r∥ = Et
E0

= tan(θi − θt)
tan(θi + θt)

t∥ = 2 sin θt cos θi
sin(θi + θt) cos(θi − θt)

,

with r and t being the reflection and transmission coefficient for p polarized (∥) and s
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polarized (⊥) light, respectively. Here, the s direction corresponds to the electric com-
ponent which is oriented perpendicular to the plane of incidence, while the p direction
corresponds to the component parallel to the plane of incidence. The angle of incidence
with respect to the normal of the interface of the material is θi, and the refracted angle
in the medium is θt. In case of complex nt the term cos(θt) may become imaginary when
sin(θi) < ni

nt
, leading to complex Fresnel coefficients [61, 64].

The Jones matrices to describe reflection (Mr) and transmission (Mt) at an interface
can thus be constructed to be [65]

Mr =
(
r∥ 0
0 r⊥

)
(2.3.42)

Mt =
(
t∥ 0
0 t⊥

)
.

In case of complex coefficients, the amplitude of this coefficient corresponds to the intensity
change of the component and the phase of this coefficient to an additional phase offset
for that component. With these tools it is possible to describe the polarization change of
polarized light when interacting with linear dichroitic media, i.e., media that act differently
on s and p polarized light.

As can be seen from the derivation for Jones vectors and matrices the calculation of
polarization states is simplified to linear algebra with this formalism. Hence, in the course
of this work the formalism was utilized to calculate the polarization state after passing
an optical system. However, it is also possible to determine the Jones matrix of a given
optical element or system experimentally [66]. To do so, one applies laser beams with
known polarization states to the optical element (or setup) and measures the polarization
state of the outgoing beam, leading to the outgoing Jones vector. With several (at least
four) measurements for different incident polarizations the Jones matrix can thus be
calculated with several solving algorithms [67].

2.4 Chiral photochemistry

The previous sections dealt with the description of the utilized probe, i.e., ultrashort laser
pulses. As mentioned in the introduction of this chapter, also a theoretical description
of the system under investigation, i.e., molecules, is needed to understand the performed
experimental work. Since a great part of this work is dedicated to the spectroscopy of
chiral substances the specialties of such systems will be discussed in Sec. 2.4.1. Afterwards,
basic concepts of photochemistry will be outlined in Sec. 2.4.2 before the interaction
between light and chiral systems will be described. Furthermore, the underlying physical
principles of the optical probes capable of detecting chirality used within this work will be
discussed in Sec. 2.4.3. Finally, some theoretical propositions for controlling the chirality
of molecules with the help of coherent light sources will be introduced in Sec. 2.4.4.
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2.4.1 Chirality

The term chirality has a manifold of meanings and interpretations, depending on the field
of science in which it is used. Hence, especially since this thesis is an interdisciplinary
work between the fields of physics and chemistry an unambiguous definition of the term is
required. In the field of physics one speaks about chirality if a physical effect or property of
a physical object is different for its mirror image [68]. For example, in the field of particle
physics the helicity of a particle can exhibit different handednesses which hence is called
chiral symmetry [68]. In the field of mathematics the term chiral is used in geometry if an
object cannot be mapped to its mirror image by rotation and/or translation which dates
back to Lord Kelvin [69]. This definition comes very close to the one used in chemistry
by substituting objects with molecules. In principle the three mentioned definitions are
closely related since they all define chirality with the lack of mirror symmetry. However,
if the term chirality is used in this thesis, the chemical definition is used if not stated
otherwise.

The affinity of the definitions becomes even more obvious if one uses a linguistic ap-
proach. The word chiral is derived from the Greek word χϵιρ which can be translated
to handedness [70]. The mirror symmetry of (human) hands is indeed an impressive but
comprehensible demonstration of the concept of chirality. Chiral molecules indeed are
built of the exact same constituents, i.e., atoms, but only arranged differently like our
hands consist of the same fingers, just arranged in another way. In the world of chemistry
the two chiral molecules which mirror each other are called enantiomers, again derived
from the Greek word ϵ́ναντιoς which means opposite [70]. Also, for our human body chi-
rality plays an important role in the microscopic domain. The building blocks of life like
the deoxyribonucleic acid (DNA), nucleic acids, proteins, and sugars exist predominantly
in only one enantiomeric form in nature [71]. This phenomenon is called homochirality
and is puzzling and fascinating scientists at the same time [71–73]. The reason for this
is still unknown although several explanations [71] are vividly discussed but not yet a
conclusion is reached.

Nevertheless, nowadays it is known that chirality-selective processes are of great impor-
tance in biochemical reactions and thus especially important for pharmaceutical goods
[74]. The starting point for this rapidly developing field was the discovery that tartaric
acid was a chiral molecule by Louis Pasteur in 1848 [50]. An explanation for the three-
dimensional structure was, however, first proposed independently by Van’t Hoff and Le
Bel [74]. While at that time nobody could perform asymmetric synthesis [74, 75] the
known chiral molecules were restricted to natural products. Furthermore, the differentia-
tion of the two enantiomers was very difficult since most physical effects, e.g., absorption,
or the molecular weight are identical for both enantiomers [73, 76–79]. However, since
then a lot of work to synthesize and characterize chiral molecules has been performed
[74, 75].

Hence, nowadays it is known that a chiral molecule lacks a rotating-mirror axis Sn such
that the molecule and its mirror image cannot be superimposed just by rotating and/or
translating, as mentioned above [80, 81]. The molecular origin of chirality is the stereogenic
atom or center [74, 75]. In general, this is a single atom with different substituents which
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lead to a stereoisomer if two groups are interchanged [74, 75]. If this leads to a spatial
arrangement which cannot be superimposed with its mirror image the stereogenic center
is also called chiral center [74, 75] and thus the molecule exhibits point chirality [74]. If
two of the ligands differ from each other only because they are itself mirroring each other
one speaks of pseudochirality which will not be discussed in detail. However, chirality can
also originate from the structure itself, i.e., from the curvature of the molecular structure
like in the case of helicenes [73, 82] or BINOL-derivatives [73, 74, 76] (one example is
utilized in Chapter 8) which then is called inherent chirality. Of course a combination of
several chiral centers and/or inherent chiral structures is possible [74, 75].

To be able to describe and define the chirality of a given molecule a useful nomenclature
is needed. The first proposal was introduced by W. E. Fischer [83] already in 1895, who
denoted one enantiomer, after identification with a special algorithm, with “L” (latin
laevus = left) and the other with “D” (latin dexter = right). This algorithm for the
identification of the enantiomers was replaced by the CIP-convention (after the chemists
Cahn, Ingold and Prelog) in 1966 [84], which uses the letters “R” (latin rectus = right)
and “S” (latin sinister = left). However, even today the Fischer convention is present,
especially for natural biomolecules like sugars or amino acids. The exact algorithm for
the Fischer [74] and the CIP-convention [74, 84] can be found elsewhere and can be used
both following the IUPAC rules [85].

Especially in modern asymmetric chemistry and even more important in analytics the
ratio between the enantiomeric forms of a specific chiral molecule is important. The most
prominent definition of the enantiomeric purity of a chiral molecule in solution is the
so-called enantiomeric excess (ee)

ee = cS − cR

cS + cR
, (2.4.1)

where cj (j = {R, S}) refers to the concentration of the corresponding R- or S-enantiomer
in the solution [73–76]. The optical activity and circular dichroism of such a sample,
which is introduced in Sec. 2.4.3, is directly proportional to the ee [Eq. (2.4.1)].

2.4.2 Electronic states and transitions

The interaction of light and matter is often described in the particle picture where a
photon with a frequency of ω and thus an energy of EPh = ~ω is absorbed and excites
an atom or molecule.3 The atoms or molecules, either in solid, liquid or gas phase, are
theoretically described by energy eigenstates |Ψ⟩ [86–88]. The above mentioned excitation
is hence referred to as a transition from an initial energy eigenstate |Ψi⟩ of energy Ei into
a final energy eigenstate |Ψf ⟩ with an energy of Ef [86]. Hence, the transition is only
possible if the photon energy EPh is greater or equal to the energy difference Ef − Ei
between these two electronic states if multiphoton excitation is excluded. Since within
this thesis exclusively molecules are investigated, the discussion will be restricted to such
3~ = 6.62606957(29) × 10−34 Js refers to Planck’s reduced constant [19]
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systems. Depending on the molecular system and the photon energy, several transitions
are possible. Rotational excitations can be triggered with electromagnetic radiation in
the microwave or far-infrared spectral range [O(1 µeV) - O(1 meV)], vibrations can be
excited with infrared to visible light [O(1 meV) - O(1 eV)] while electronic excitations
need higher photon energies in the visible or even ultraviolet regime [O(1 eV) - O(5 eV)]
[89, 90].

Born-Oppenheimer approximation

The calculation of the energies En of the electronic states of molecules is however not
straightforward. Already the simplest molecule H+

2 , consisting of two protons and only one
electron, cannot be treated analytically with the time-independent Schrödinger equation
(SEQ) [86–88, 91]

Ĥ(r,R)|Ψmol
n (r,R)⟩ = En|Ψmol

n (r,R)⟩. (2.4.2)

This is due to the coupling of the coordinates r of the electron(s) and the coordinates R
of the nuclei within the Hamiltonian Ĥ(r,R) [86, 88, 91, 92]. This operator describes the
interaction between electron(s) and nuclei

Ĥ(r,R) = T̂
e

+ V̂
e

+ T̂
n

+ V̂
n

+ V̂
en

(2.4.3)

within five terms, representing the kinetic energy of the electrons, the electron-electron
potential energy, the kinetic energy of the nuclei, the nuclear-nuclear potential energy, and
the electron-nuclear potential energy. Still, it is possible to describe molecules adequately
with the introduction of the so-called Born–Oppenheimer approximation [86–88, 91, 92]
which separates the motion of the electron(s) from the nuclei. Hence, the wave function

|Ψmol
n (r,R)⟩ = |Ψe

n(r,R)⟩|Ψn
n(R)⟩ (2.4.4)

can be separated into a product of the electronic wave function |Ψe(r,R)⟩ and a nuclear
wave function |Ψn(R)⟩. For simplicity, here only vibronic, i.e., electronic and vibrational
contributions are considered while spin and rotational contributions are neglected. The
Born-Oppenheimer approximation is reasonable since the mass difference between elec-
trons and nuclei is at least three orders of magnitude (melectron/mnucleus . 1/1800 [89, 90]).
Thus, the electrons are moving much faster than the nuclei and can hence follow a move-
ment of a nucleus quasi instantaneous [86, 91, 92]. Such approximations are often used
in the field of thermodynamics where laws for dynamically changing systems are also de-
rived in equilibrium situations [93], e.g., the slowly compression of an ideal gas. Hence,
in analogy the Born-Oppenheimer approximation in Eq. (2.4.4) is called “adiabatic”. In
general this approximation delivers reasonable results but for example in the presence of
conical intersections it breaks down and has to be replaced by other methods [94].
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Relaxation processes

If the time-independent SEQ [Eq. (2.4.2)] is solved for a given molecular system, one
arrives at the corresponding wave functions |Ψmol

n (r,R)⟩ and can derive the energy eigen-
values En. They are typically presented in a graphical way with the help of energy level
diagrams, also called Jablonski diagrams [89, 90, 95], where the states are arranged ver-
tically by energy and grouped horizontally by spin multiplicity (see Fig. 2.6a). Besides
electronic (thick lines in Fig. 2.6a), also the corresponding vibrational energy states (thin
lines) are shown. For every vibrational state there are also several rotational energy
states which are however excluded in Fig. 2.6a for clarity. The position and existence of
the energy states presented in Fig. 2.6a are fictitious in order to present all possible elec-
tronic and vibrational transitions. Typically, an electronic excitation from the electronic
ground state S0 to an electronic excited state via the absorption of a photon also excites
vibrations, as depicted in Fig. 2.6a. Those can relax very quickly via vibrational cooling
before other electronic relaxation pathways can open up. These are either non-radiative
(internal conversion, intersystem crossing) or radiative (fluorescence, phosphorescence).
Furthermore, the last example in both cases does not preserve spin multiplicity while the
first one of each case does. Here, only relaxation processes are discussed. If the molecule
is still in an excited state and interacts with another photon other processes like stimu-
lated emission and excited state absorption can take place as will be described in detail
in Sec. 3.2.1 [89, 90, 95].

From Eq. (2.4.4) it can be seen that the electronic wave function |Ψe
n(r,R)⟩ depends

on the coordinates of all electrons r and nuclei R. As mentioned before, the adiabatic
Born–Oppenheimer approximation leads to several “equilibrium” energy states for dif-
ferent nuclear configurations. Hence, it is possible to calculate the energy eigenstates
point-by-point for a given configuration of the nuclei. This results in a multidimensional
solution space where the corresponding energy states are continuous hypersurfaces, so-
called potential energy surfaces (PES) [89, 90, 95]. A section of an one-dimensional cut
through an exemplary PES is shown in Fig. 2.6b. In contrast to the Jablonski diagram
in Fig. 2.6a here also information about the nuclear coordinate(s) are included. By this
representation it is possible to understand why an electronic transition induced via ab-
sorption of a photon as depicted by the blue arrow in Fig. 2.6b excites also vibrations
in the molecule. This is due to the so-called Franck–Condon principle which states that
an electronic transition can only occur at a given, “frozen”, configuration of the nuclei
[86, 91, 92]. This is related to the Born–Oppenheimer approximation since the electrons,
or more precisely the electron density, can be changed much faster than the nuclear con-
figuration. Hence, such a transition is a so-called vertical transition in a PES diagram
(confer Fig. 2.6b). However, the relaxed, “equilibrium” positions of the potential mini-
mum of the electronic ground state S0 and first excited state S1 differ. Furthermore, the
solutions of the time-independent SEQ [Eq. (2.4.2)] reveals that the wave functions of
vibrational states exhibit an increasing probability density at the borders of the potential
well, as depicted in Fig. 2.6b. As a result, the vertical electronic transitions always reach
excited vibrational states with higher transition probability as shown for the examples
absorption (blue arrow) and fluorescence (green arrow) in Fig. 2.6b.
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Figure 2.6: Exemplary representation of a Jablonski diagram and one-dimensional singlet potential
energy surfaces. (a) In an energy level diagram the energy eigenstates are arranged vertically by energy
with vibrational eigenstates (thin lines) as additional levels on top of electronic levels (thick lines) and
grouped horizontally by spin multiplicity. Here, a transition of the electronic ground state S0 to the
second excited state S2 (blue arrow) is shown. Subsequently, several radiative (colored solid arrows) and
non-radiative (black dashed arrows) transitions can take place. If the spin multiplicity is preserved, those
are either internal conversion or fluorescence while intersystem crossing and phosphorescence change the
spin multiplicity. Purely vibrational (non-radiative) transitions are called vibrational cooling or vibra-
tional relaxation. (b) A section of an one-dimensional cut along one nuclear coordinate through the
multidimensional potential energy surfaces of an exemplary molecular system is shown. The potential
wells for the electronic ground state S0 and the first excited state S1 with the corresponding vibrational
states are depicted. The exemplary presented electronic transitions are absorption (blue arrow) and fluo-
rescence (green arrow). The shown transitions occur between vibrational states with the greatest overlap
in their respective wave functions (solid grey), thus obeying the Franck–Condon principle. Transitions
between other states are also possible but less probable.

Theoretical description of electronic transitions

After introducing the relaxation processes in molecules in a qualitative picture the corre-
sponding mathematical description will be introduced in the following. Commonly, in the
research field of molecular spectroscopy the electric field E(t) is treated classically while
the molecule, as described above, is analyzed with quantum mechanical methods. Hence,
the coupling of the electric field with the dipole moment of the molecule can be described
with the dipole operator

µ̂ =
∫
ρ(r)dr = −e

∑
j

rj −
∑
k

ZkRk

 . (2.4.5)
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Here, ρ(r) describes the charge density of the molecule, e refers to the elementary
charge4 and Zk to the charge of the nuclei k. Since the molecule is described quantum-
mechanically, rj is the position operator of the j-th electron [86, 92]. The probability per
unit time for a transition between the initial electronic state i and the final state f can
be expressed by Fermi’s golden rule for optical transitions [86, 92]

dP
dt

= 2π
~

∣∣∣⟨Ψmol
f |V̂ |Ψmol

i ⟩
∣∣∣2 η = 2π

~

∣∣∣⟨Ψmol
f |µ̂E(t)|Ψmol

i ⟩
∣∣∣2 η = 2π

~
|E(t)|2 |µ̂i→f |2 η, (2.4.6)

where V̂ refers to the pertubation operator (or interaction Hamiltonian) and η denotes the
density of the final states. The last equality in Eq. (2.4.6) holds only if the pertubation
term, here V̂ = µ̂E(t), is small compared to the molecular Hamiltonian Ĥ(r,R) [86, 92].
The factor

µ̂i→f = ⟨Ψmol
f |µ̂|Ψmol

i ⟩ = (2.4.7)
= −e

∑
j

⟨Ψe
f (rj,R)|rj|Ψe

i (rj,R)⟩⟨Ψn
f (R)|Ψn

i (R)⟩

+e
∑
k

Zk⟨Ψe
f (r,Rk)|Ψe

i (r,Rk)⟩⟨Ψn
f (Rk)|Rk|Ψn

i (Rk)⟩

is the transition moment and gives a direct measure for the transition probabilities. Since
electronic states are orthogonal, i.e., ⟨Ψe

f (r,R)|Ψe
i (r,R)⟩ = δif , the last term vanishes for

electronic transitions where i ̸= f while for vibrational transitions this term would be
decisive [86, 92]. Hence, the transition moment simplifies to

µ̂i→f = −e
∑
j

⟨Ψe
f (rj,R)|rj|Ψe

i (rj,R)⟩⟨Ψn
f (R)|Ψn

i (R)⟩ (2.4.8)

and thus depends only on two terms. The first one is called electric-dipole transition
moment and describes the redistribution of the electron density after the transition from
state i to f . The second term in Eq. (2.4.8) describes the overlap of the two involved
nuclear wave functions, i.e., the vibrational levels as already illustrated in Fig. 2.6b.
Its squared absolute value is thus called Franck–Condon factor. To compare different
electronic transition probabilities, the oscillator strength

fi→f = 2meωi→f

3~e2 |µ̂i→f |2 (2.4.9)

is often utilized. Here, me refers to the electron mass5 and ωi→f to the frequency of the
electric field required to induce the transition. It can be deduced from experimentally
measured absorption bands [96] and approaches zero if the transition is forbidden while
4e = 1.602176565(35) × 10−19 C [19]
5me = 9.10983291(40) × 10−31 kg [19]
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reaching unity for a strong transition.
An electronic transition can also be characterized by the participating binding molecular

orbitals [75, 88, 95, 97]. For example, if a σ-bonding orbital is promoted to an antibonding
σ∗ orbital, the transition is noted as σ → σ∗ transition. Hence, all in all five molecular
electronic transitions can be defined:

• σ → σ∗

• π → π∗

• n → σ∗

• n → π∗

• aromatic π → aromatic π∗

Chiral transition moments

After the theoretical description of electronic transitions the same concept will be applied
to chiral transition moments. To include chiral transitions it is necessary to also include
the interaction of the electric field with the magnetic dipole moment m of the molecule.
For achiral molecules this term vanishes since the magnetic dipole does not have a pre-
ferred direction with respect to the electric dipole moment µ. If, e.g., due to the chiral
center, the orientation between µ and m is fixed for all molecules this leads to new effects
[77–79], as discussed in the following.

To include the interaction with the magnetic dipole moment, the interaction Hamilto-
nian V̂ in Eq. (2.4.6) must be replaced by

V̂ = −µ̂E(t) − m̂B(t). (2.4.10)

For an exact treatment of the light-matter interaction one would need to include the
multipole expansion for both electric and magnetic dipole moments [16, 86]. However,
for the purpose of this thesis the approximation of Eq. (2.4.10) is sufficient, while a more
general treatment can be found in the literature [98]. Here, only the case of randomly
oriented samples without an external magnetic field will be considered (for a more detailed
description see, e.g., [79]). Thus, B(t) in Eq. (2.4.10) originates from the light field and is
thus connected to E(t) as explained in Sec. 2.1. The electric dipole moment µ̂ is already
defined in Eq. (2.4.5) while the magnetic dipole moment takes the form

m̂ = e

2me

∑
j

rj × pj, (2.4.11)

where e again refers to the elementary charge, me describes the mass of the electron, and
pj = −i~∇ is the momentum operator [86] of the j-th electron with the corresponding
position operator rj. Here, ∇ refers to the Nabla operator [12] acting on the spatial
coordinates.
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In analogy to Eq. (2.4.8) the transition moment changes to

t̂i→f = ⟨Ψmol
f |µ̂ + m̂|Ψmol

i ⟩. (2.4.12)

As stated in Sec. 2.1, the electric part E(t), with its corresponding normalized Jones
vector ê, and magnetic part B(t) with the normalized Jones vector b̂, of the light field are
perpendicular to each other. This holds also for the electric dipole and magnetic moment
due to the cross product in Eq. (2.4.11), such that it is possible to simplify the squared
absolute value of Eq. (2.4.12) to

∣∣∣t̂i→f

∣∣∣2 =
(
µfi · ê∗ µif · ê + mfi · b̂

∗
mif · b̂

)
+
(
µfi · ê∗ mif · b̂ + µif · ê mfi · b̂

∗)
.

(2.4.13)
Here, for the ease of notation, the matrix elements are abbreviated by the convention
mif = mi→f = ⟨Ψe

f |m̂|Ψe
i ⟩ and the summation over all electrons j is not stated explicitly.

In the following the light-matter interaction with different light polarizations (see
Sec. 2.3) will be discussed, starting with LIN polarized light. As mentioned above, only
the case without an external magnetic field is considered. Thus, the involved electronic
wave functions are real-valued such that µif = µfi but mif = −mfi since the magnetic
dipole moment is imaginary [confer Eq. (2.4.11)]. Furthermore, as discussed in Sec. 2.3.2,
the Jones vector for LIN polarized light is also real-valued, such that b̂ = b̂

∗
and ê = ê∗.

Hence, the second term in Eq. (2.4.13) vanishes. The magnetic part in the first term is
furthermore negligible compared to the electronic part since it is only the second term in
the multipole expansion of Eq. (2.4.10) [16, 86]. Hence, the absorbance [for a definition
see Eq. (2.4.20)] for LIN polarization

ALIN ∝ |µ̂i→f |2 (2.4.14)

is proportional to the square of the absolute value of the electric transition dipole moment,
i.e., proportional to the oscillator strength fi→f [see Eq. (2.4.9)]. In an actual experiment
typically the rotational average of Eq. (2.4.14) is measured, which still is directly propor-
tional to |µ̂i→f |2. The situation changes if one looks into the interaction of circularly (LC
or RC) polarized light with matter. In that case it is of great interest to look at a circular
dichroism signal CD = ALC − ARC which is proportional to the difference in absorbance
for LC and RC polarized light. Since the Jones vectors for LC and RC polarization are
not real-valued the assumption made in the case of LIN polarized light does not hold
anymore. Instead, the two circular polarization states are connected via

êLC = ê∗
RC (2.4.15)

b̂LC = b̂
∗
RC.

The fact that the second relation for the magnetic part of the light field holds can be
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understood as follows. Since the electric and magnetic part are always perpendicular to
each other and both are perpendicular to the wave vector k (see Sec. 2.1) the relation b̂ =
k× ê holds [79]. By inserting either êLC or êRC [in a three-dimensional representation, see
Eq. (2.3.26)] in that relation, one can verify the above stated equation. Hence, combining
Eq. (2.4.15) and Eq. (2.4.13) the circular dichroism signal

CD = ALC − ARC (2.4.16)
∝ µfi · ê∗

LC mif · b̂LC − µfi · êRC mif · b̂
∗
RC

can be calculated. Again, in an actual experiment with randomly oriented molecules only
the rotational average of Eq. (2.4.16) is measured. The result of the average is directly
proportional to the well-known rotational strength

Ri→f = Im
[
⟨Ψe

i |µ̂|Ψe
f ⟩ · ⟨Ψe

f |m̂|Ψe
i ⟩
]

, (2.4.17)

describing the imaginary part of the dot product of the electric and the magnetic transition
dipole moment [76, 79]. Equation (2.4.17) is also known as Rosenfeld equation for the
rotatory or CD strength [77, 79, 99].

The selection rules [87], given by the symmetry of the electronic wave functions Ψe
i

and Ψe
f , determine the possible transitions. A direct determination of transition dipole

moments is possible via electro-optical measurements [100] which however are very de-
manding and need special sample preparation [100]. In the case of the more common ab-
sorption spectroscopy, one probes effectively the oscillator strength [Eq. (2.4.9)], whereas
the rotational strength [Eq. (2.4.17)] is probed in optical activity spectroscopy [76, 78, 79]
(see Sec. 2.4.3). With the help of Eqs. (2.4.9) and (2.4.17) it is thus possible to ascertain
values for the electric, or rather magnetic, dipole moment in absorption experiments.

Since the magnetic dipole moment is very decisive for the effect of optical activity, it
is worth to have a closer look at the similarities and differences of the electric and the
magnetic dipole moment. As mentioned above, a non-zero magnetic dipole moment is
necessary for optically active media. However, by looking at Eq. (2.4.17) it becomes clear
that not only a magnetic but also an electric dipole moment is necessary to have a non-
zero rotational strength and thus optical activity. While in a classical picture the electric
dipole moment is a linear change in charge distribution [see Eq. (2.4.5)] the representation
of the magnetic dipole moment as circularly moving charge [see Eq. (2.4.11)] is not as
intuitive. Thus, in Fig. 2.7 both dipole moments are compared for the simple molecular
example of the carbonyl (CO) group. In Fig. 2.7a a π → π∗ transition of the carbonyl
group is shown. Since both, the initial and final molecular orbitals are of the same
spatial symmetry, the charge distribution is only changed along the CO bond. This linear
change thus results in an electric dipole moment as indicated in Fig. 2.7a. Contrary to
that an n → π∗ transition is shown in Fig. 2.7b. Here, the initial non-binding orbital is
oriented in-plane with respect to the residues of the functional CO group and changes
to the out-of-plane π∗ orbital with the transition. This results in an electric quadrupole
moment which corresponds to a magnetic dipole moment, as depicted in Fig. 2.7b. If
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Figure 2.7: Electric and magnetic dipole moment of a carbonyl (CO) group. (a) A π → π∗ transition
results in a linear change in the charge distribution of the carbonyl group. In a classical picture this
corresponds to a dipole moment [see Eq. (2.4.5)] along the CO bond, pointing from the oxygen to the
carbon atom. (b) In the case of a n → π∗ transition an electric quadruple moment is created. If one
thinks of the classical interpretation of such a charge distribution it corresponds to a circular movement
of a charged particle, which describes a magnetic dipole moment [see Eq. (2.4.11)].

the C atom of the carbonyl group is a chiral center (see Sec. 2.4.1), the two residues
determine the direction of the magnetic dipole moment. Hence, the two enantiomers of
such a molecule would have mirrored side chains and thus the magnetic dipole moment
would also be mirrored and Ri→f [Eq. (2.4.17)] would change sign [79, 99]. On the other
hand, if the investigated molecule exhibits symmetric conformation, the magnetic and
electric dipole moments are oriented perpendicular to each other, leading to a vanishing
rotatory strength. Thus, achiral conformations are not optically active and do not exhibit
optical rotation dispersion or circular dichroism [76, 78, 79].

2.4.3 Optical probes for chirality

After introducing light-matter interaction in a quantum-mechanical way, this section is
dedicated to connect this theoretical approach to measurement signals which can actually
be acquired in the laboratory. Although the effect of optical activity and thus chiral-
sensitive spectroscopy is well-known for a long time, as mentioned already in Sec. 2.4.1,
recently a lot of new experimental techniques have been invented to elucidate the prop-
erties of chiral molecules. Since this thesis deals with optical probes, chiral sensitive
techniques based on spatial separation, like crystallography [101], chromatography [102],
or nuclear-magnetic resonance (NMR) [103] will not be considered. But even optical ap-
proaches exist in a great variety [104–106]. Linear dichroism [107], circularly polarized
luminescence [108], Coulomb explosion imaging, [109], microwave emission [110], and the
detection of laser-induced photoelectron emission [111, 112] are some examples. More
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commonly optical rotation dispersion [113–116] and circular dichroism [105, 114–125] are
utilized to investigate chiral samples. These two approaches can in principle be per-
formed in different wavelength regions (ultraviolet, visible, near-infrared, microwave) and
thus probe different transitions, like electronic or vibrational transitions. Here, only circu-
lar dichroism (CD) and optical rotation dispersion (ORD) will be detailed since those two
techniques were utilized within the experiments performed for this thesis. The underlying
physical principle is the measurement of two physical properties: the refractive index n(ω)
and the absorption coefficient ϵ(ω). In the case of chiral molecules both approaches work
because n(ω) as well as ϵ(ω) differ for right (RC) and left circularly (LC) polarized light
since they are connected via the Kramers–Kronig relation [78, 79, 126].

Circular dichroism

In the case of circular dichroism (CD) one utilizes the dependence of the frequency-
dependent extinction coefficient ϵ(ω) on the polarization state of light. Due to different
extinction coefficients for LC and RC polarized light, it is possible to characterize the
chirality of a sample with [76, 78, 79]

∆ϵ(ω) = ϵLC(ω) − ϵRC(ω). (2.4.18)

Since the extinction coefficient depends on the frequency ω of the utilized light, also the
CD effect is frequency-dependent. As mentioned in Sec. 2.4.2, a sensitivity for chiral
structures is only possible if both, the electric and the magnetic dipole moments are
probed [see Eq. (2.4.17)]. Thus, LIN polarized light is not sufficient since it can only
probe the electric dipole moment. Furthermore, since an absorptive measurement is
not dependent on the phase difference between two linearly independent components of
the used light field [Eq. (2.3.25)] also the measurement with circularly (or more general
elliptically) polarized light of one handedness is not sufficient because of the lack of a
reference value. However, since the interaction with LC and RC polarization only differs
in the sign of Eq. (2.4.17), it is possible to determine whether the sample is chiral or not
by measuring with both circular polarizations and subsequent subtraction of the result,
like in Eq. (2.4.18). Hence, the extinction coefficients for circularly polarized light [ϵLC(ω)
and ϵRC(ω)] are proportional to the rotational strength Ri→f [Eq. (2.4.17)]. Another way
of defining CD is in terms of enantiomers. Hence, due to the analogous mirror symmetry
for the two circular polarizations and the two enantiomers, Eq. (2.4.18) can be rewritten
to

∆ϵ(ω) = ϵS(ω) − ϵR(ω), (2.4.19)

for a given circular polarization, i.e., LC or RC, [76, 78, 79]. Here, ϵR(ω) refers to the ex-
tinction coefficient of the R-enantiomer, while ϵS(ω) describes the one of the S-enantiomer.
However, the effect of circular dichroism is very weak, which is understandable by compar-
ing the typical size of a molecule, O(1 nm), and typical utilized wavelengths, O(100 nm).
Thus, the actual interaction length is very small, leading to a very small CD effect. One
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drawback of this method is that for the determination of ∆ϵ(ω) at least two measurements,
one for each handedness of the circular polarization, are needed. In an actual experiment
the extinction coefficients are typically not probed directly. Instead, as mentioned already
in Sec. 2.4.2, the absorbance A is measured following the Beer–Lambert law [89, 90]

A(ω) = − log10

(
I(ω)
I0(ω)

)
= ϵ(ω)[c]l. (2.4.20)

It describes the transmission of light with an initial intensity I0(ω) which passes a sample
with concentration [c] for an optical path length of l. Due to the extinction coefficient ϵ(ω)
the light has the decreased intensity I(ω) after passing the sample (see also Sec. 3.2.1).
Hence, in analogy to Eq. (2.4.18) one measures the difference in absorbance for both
circular polarizations

CD(ω) = ALC(ω) − ARC(ω) (2.4.21)

to achieve a frequency-dependent CD signal.

Optical rotatory dispersion

The second optical probe which will be discussed in the following is optical rotation dis-
persion (ORD). Here, the probed physical value is the frequency-dependent refractive
index n(ω). Different propagation velocities cj (j = {LC,RC}) lead to different refractive
indices for LC and RC polarized light, since cj = c0/nj(ω) holds. Hence, the difference of
the refractive indices

∆n(ω) = nLC(ω) − nRC(ω) (2.4.22)

is another probe for chirality [76, 78, 79]. Like CD, ORD is frequency- or wavelength-
dependent as well, due to the dispersion of the refractive index (see Sec. 2.1.2). Further-
more, in analogy to Eq. (2.4.19), it is possible to describe the change in the refractive
index ∆n(ω) in terms of enantiomers

∆n(ω) = nS(ω) − nR(ω). (2.4.23)

Here, nS(ω) refers to the refractive index of the S-enantiomer, while nR(ω) describes the
one of the R-enantiomer. In contrast to CD, only one measurement for the determination
of the optical rotation is needed. This is possible since LIN polarized light can be inter-
preted as a superposition of a LC polarized with a RC polarized light wave with the same
wave vector and amplitude (confer Sec. 2.3.2). In the Jones formalism, this leads to LIN
polarized light, which is oriented for example parallel to the x axis

JLC + JRC = 1√
2

(
1
i

)
+ 1√

2

(
1

−i

)
=

√
2
(

1
0

)
= JLIN. (2.4.24)
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However, due to the different propagation velocities in chiral media mentioned above,
the wave vectors (kLC and kRC) for the two different polarization states are not equal.
Hence, the resulting polarization of the superposition of the two circularly polarized light
waves with the same amplitude ÂLC = ÂRC = Â, but different wave vectors have to be
considered

E(r, t) = ELC(r, t) + ERC(r, t)
= Â(t)

[
cos(kLCr − ωt)ê∥ − sin(kLCr − ωt)ê⊥

]
+Â(t)

[
cos(kRCr − ωt)ê∥ + sin(kRCr − ωt)ê⊥

]
. (2.4.25)

In this case ê∥ and ê⊥ are the unit vectors of two linearly independent (orthogonal)
components of the electric field. They are thus orthogonal to each other and to the
propagating direction, chosen to be the r direction without losing generality. By utilizing
the addition theorems cos(x)+cos(y) = 2 cos[(x+y)/2] cos[(x−y)/2] and sin(x)−sin(y) =
2 sin[(x+ y)/2] cos[(x− y)/2] [12], Eq. (2.4.25) can be transformed into

E(r, t) = 2Â(t) cos
[

(kLC + kRC)r
2

− ωt

]
(2.4.26){

cos
[

(kLC − kRC)r
2

]
ê∥ + sin

[
(kLC − kRC)r

2

]
ê⊥

}
.

In the case of kLC = kRC Eq. (2.4.26) describes a LIN polarized light wave along the
ê∥ direction. In the more general form of Eq. (2.4.26), the polarization state depends
on r, which refers to the propagation direction. Furthermore, there is a constant phase
shift (π2 ) between the two orthogonal directions of the electric field vector, but since the
arguments of the cosine and the sine function are equal, this shift is not changing by
varying t or r. Thus, Eq. (2.4.26) describes a LIN polarized light wave whose plane of
oscillation is rotated proportional to the propagation length. This leads to a spatially
dependent rotation angle

α(|r|) = |kLC − kRC||r|
2

(2.4.27)

between the ê∥ direction and the oscillation plane of the light field in Eq. (2.4.26). By
using Eq. (2.1.16) it is possible to refer this rotation angle to a difference in refractive
indices for the two circular polarizations

ORD(ω) = α(|r| = l, ω) = ω

c0
[nLC(ω) − nRC(ω)] l (2.4.28)

which is the measured value in the case of optical rotation dispersion [76, 78, 79]. However,
since the change in refractive indices, and thus in wave vectors, for the different circular
polarizations is very small, ORD exhibits like CD only a weak response.
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Figure 2.8: Schematic representation of a
wavelength-dependent CD and ORD spectrum
for a transition exhibiting a positive Cotton ef-
fect. The presented spectra are connected via the
Kramers–Kronig relation. The deviation of the
absorbance A for LC and RC polarized light gives
rise to the observed CD [see Eq. (2.4.21)]. The
ORD spectrum is not limited to the spectral re-
gion in which the molecular system absorbs light.
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In the literature, the ORD value for a given wavelength of λ = 589 nm (the sodium D-
line [89, 90]) and a path length of l = 1 dm of a chiral substance is called specific rotation
[α]Tλ . Since the refractive index is slightly temperature dependent, also the temperature is
typically fixed to T = 20 ◦C. Furthermore, in the liquid phase typically not the refractive
index but the concentration of the molecules is of interest and fixed to [c] = 1g/ml. Thus,
the actual optical rotation ORD(λ) (often also the symbol α is used) can be calculated
via

ORD(λ) = α(λ) = [α]Tλ [c]l. (2.4.29)

In this case, the concentration [c] must be given in the unit ’g/ml’ and the path length in
the unit ’dm’. The wavelength dependence of the ORD value can be approximated with
the help of the so-called Drude equation [127]

ORD(λ) = α(λ) =
∑
j

fj
λ2 − λ2

j

. (2.4.30)

The sum runs over all electronic transitions j at the corresponding wavelength λj which
contributes with an oscillator strength fj. The approximation holds only for wavelengths
where the value |λ− λj| is greater than some tens of nanometers.

Cotton effect

In the two previous sections the effects of CD and ORD were introduced. Both effects
are connected to each other, as one can already deduce from the similar mathematical
descriptions for CD [Eq. (2.4.21)] and ORD [Eq. (2.4.28)]. Indeed, every transition in
a chiral molecule where the electronic as well as the magnetic dipole moment is excited
yields non-zero CD and ORD spectra. Although the ORD has no obvious connection to
the absorption spectrum, it exhibits a spectrum with a zero-crossing at the wavelength
(or frequency) of the electronic transition (see Fig. 2.8). This is called Cotton effect, in
commemoration of the french physicist Aimé Cotton who discovered this effect already
in 1895 [50]. The Cotton effect is called positive if the optical rotation first increases as
the wavelength decreases and called negative if the optical rotation is decreased as the
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wavelength decreases. Hence, the case presented in Fig. 2.8 is the positive Cotton effect.
Originally, the sign of the Cotton effect was defined in analogy to the sign of the change of
the extinction coefficient ∆ϵ = ϵLC − ϵRC which is equivalent to the previously introduced
nomenclature. Besides this qualitative connection, even a quantitative connection through
the Kramers–Kronig relations [126]

ORD(λORD) = 2
π

P
∞∫

0

CD(λ) λ2

λ2
ORD − λ2 dλ

CD(λCD) = −2
πλCD

P
∞∫

0

ORD(λ) λ2

λ2
CD − λ2 dλ (2.4.31)

holds. Since the integrals are divergent at λORD, or rather λCD, the Cauchy principal
value [12] is calculated, which is marked by the P in Eq. (2.4.31). Here, ORD(λORD)
and CD(λCD) refer to the wavelength representations of Eqs. (2.4.28) and (2.4.21) for
the wavelengths λORD and λCD. Thus, in principle the measurement of either the CD
spectrum or the ORD spectrum is sufficient to obtain the full information about the
chiral transitions of the sample under investigation.

2.4.4 Theoretical approaches to chiral control

After the description of photochemical processes, especially those connected to chiral
substances which are employed in chirality-sensitive spectroscopic techniques, this section
aims at a question beyond spectroscopy. Is it possible to imprint chirality on an initially
achiral molecular system by photochemical processes? In traditional chemical synthesis
the outcome of a chemical reaction is steered by macroscopic parameters like tempera-
ture, concentration, or pressure. All these approaches aim to shift the equilibrium of a
reaction to a desired product. Certain reactions can also be influenced by exchanging
the molecular environment, e.g., with different solvents or by addition of catalysts. This
approach changes the microscopic reaction paths but since they are not known in gen-
eral, these methods are also limited. The situation gets even more complicated in the
case of enantioselective synthesis, also called asymmetric synthesis [74, 75], which aims to
generate chiral molecules from achiral precursors. However, since all biological processes
in the human body are sensitive to chirality, asymmetric synthesis is a key-feature espe-
cially for modern pharmaceutical compounds [71, 74]. Nowadays, in particular with the
help of chiral catalysts, for most target molecules enantioselective reaction pathways are
known. Even if no processes for a direct asymmetric synthesis are known for a molecular
system, the separation of enantiomers can be achieved with chiral chromatography [102]
or crystallization [101] which is however typically very inefficient.

Within the last decades several approaches were developed in the field of photochem-
istry to utilize light to initiate or alter the outcome of a reaction in a desired way. These
so-called quantum control concepts were invented and improved by theoreticians at first.
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Nevertheless, as will be shown in the following for conventional chemical synthesis, sev-
eral successful experimental implementations of these theoretical concepts were already
demonstrated. However, in the case of enantioselective synthesis the research field of pho-
tochemistry still lacks a proof of proposed theoretical quantum control concepts which
will be introduced in this section.

Quantum control

The idea to influence chemical reactions with light is rather old [128] but found rising in-
terest with the availability of intense laser sources. Since the first lasers were narrow-band
the basic idea was to specifically excite the vibration of one single bond in the molecule
for selective bond-breakage [129]. However, relaxation processes such as intramolecular
vibrational energy redistribution (IVR) [95] typically prevent such reactions, even in the
gas phase. In the liquid phase the coupling to the environment makes this task even more
challenging. Hence, the variation of intensity or the wavelength of a laser source typically
is not sufficient to achieve a quantum control reaction. If however coherent properties
like the spectral phase are varied a control of chemical reactions aided by light is indeed
possible [130–132].

The development of various quantum control concepts took place in the 1980s while
their corresponding experimental realization were typically implemented about one decade
later. This shows already that the task of selective control of photochemical reactions is a
demanding one. As Tannor and Rice already pointed out in 1985 [133] a general approach
is the design of a complex light field which is suitable for a control goal of the quantum
system under investigation. This directly relates to the research field of optimal control
theory (OCT) in mathematics and was adapted by the groups of Rabitz [134], Kosloff
[135], Manz [136], and Fujimura [137] for the field of photochemistry. A mathematical
introduction to these concepts will not be given here, but can be found in the above
mentioned references as well as in introductory publications of Refs. [91, 130]. The basic
obstacle for optimization strategies according to OCT is the knowledge and modeling
of the quantum-mechanical system. As mentioned in Sec. 2.4.2, an exact treatment of
complex molecular systems is not possible. However, for OCT the quantum-mechanical
equations of motion, i.e., the exact Hamiltonian, is needed. While small systems like atoms
or diatomic molecules can be well approximated to deliver reliable results, the complexity
of bigger molecular systems hinders a successful implementation in OCT. Thus, several
predictions to the controllability of larger molecular systems have been developed (see, e.g.
Ref. [131]). However, even if a theoretical prediction is possible, experimental challenges
remain since the calculated electric fields must also be producible in the laboratory.

Adaptive quantum control

To overcome this obstacle, Judson and Rabbitz introduced the scheme of adaptive quan-
tum control in a seminal publication entitled “Teaching Lasers to Control Molecules”
[138] which already encapsulates the basic idea. By employing a learning algorithm [139],
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the optimal electric field is found iteratively without theoretical knowledge about the
quantum system. To be able to do so, several subsequent photochemical experiments
of similar kind must be performed. The experimentally measured outcome is used as
feedback for the learning algorithm which itself suggests another light field based on the
measured quantity. Thus, from iteration to iteration, a specifically designed light field
for a given control goal is achieved. Hence, just by defining a control goal and finding
a suitable feedback signal, this approach is able to find optimal electric fields which are
possible to generate in the laboratory. This concept is termed adaptive quantum control
or closed-loop control and provides a much higher flexibility than the concepts described
above.

Chiral quantum control

As mentioned in the introduction of this section, enantioselective synthesis of chiral
molecules is possible with modern chemical reaction mechanisms. Although no enan-
tioselective photochemical approach has been realized in an actual experiment up to now,
in the past years several theoretical concepts aiming at “chiral quantum control” were
developed. These concepts can be categorized into several asymmetric photoreactions
which were already used without quantum control in the past. Hence, before focusing
on the specialties of the theoretical concepts, the different ways of so-called asymmetric
photoreactions are classified by following Buchardt [140, 141].

• Photoderacemization: This is the simplest case of an asymmetric photoreaction.
Assume, that a racemization of the ground state enantiomers is not possible and the
R-enantiomer is excited. In the excited state, the racemization is possible, hence
for example a circularly polarized laser pulse pushes the balance in the direction of
the S-enantiomer. Thus, after dissipating the energy, a great fraction of the excited
molecules relaxes back into the ground state of the S-enantiomer (see Fig. 2.9a).

• Asymmetric photodecomposition: In this case, an appropriate laser pulse (e.g.,
circularly polarized) is irradiating a racemate. Due to the different interactions
between the laser pulse and both enantiomers, one enantiomer is diminished, leading
to an enantiomeric excess of the remaining reactants (see Fig. 2.9b).

• Asymmetric Synthesis: This concept is the exact opposite of asymmetric de-
struction, since in this case the focus lies on the products. While racemization in
the ground state of the reactant is possible, it is not possible on the product side.
For a special laser pulse the absorption coefficients of the ground state enantiomers
are different, thus the enantiomeric excess on the product side is increased (see
Fig. 2.9c).

The development of chiral quantum control schemes started around the millenium.
They utilize all either the first or the second type of asymmetric photoreaction of the
list above. Early approaches were based on the fact that LC and RC polarized light
interacts differently with enantiomers [142, 143] as described in Sections 2.4.2 and 2.4.3.
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Figure 2.9: Schematic illustration of the different
asymmetric photoreactions as defined in Refs. [140,
141]: (a) A photoderacemization reaction starts with
a racemate which is electronically excited with the
rate η1. In the excited state, the population is trans-
fered from one enantiomer to the other, thus causing
a generation of ee. Depending which rate is greater,
more R- or S-enantiomers are generated, here ηR

2 < ηS
2

holds. (b) In the case of asymmetric photodestruc-
tion again a racemic mixture is excited. Either this
excitation step has already different quantum efficien-
cies for R- and S-enantiomers (ηR

1 ̸= ηS
1 ) or another

light-matter interaction, which transfers the excited
molecules to the final reaction product, causes an
asymmetry in the decomposition ratio (ηR

2 ̸= ηS
2 ). In

general it is also possible that for both transitions the
rates are not equal, while here the case ηR

1 = ηS
1 ,

but ηR
2 ̸= ηS

2 , is shown. Hence, also an ee is cre-
ated, but this time some reaction products are achiral.
(c) The asymmetric synthesis starts from achiral reac-
tants which have again asymmetric rates to produce
excited precursors of both enantiomers (ηR

1 ̸= ηS
1 ). In

this case it is important that the relaxation (η2) to
the final products is faster than the racemization in
the excited state. In all three sub-figures R and S re-
fer to the R- and S-enantiomer, whereas A refers to
achiral reactants or products. The asterisk (e.g., R∗)
indicates the excited state.
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This basic idea to perform asymmetric photodecomposition by illumination with circular
light is however much older and dates back to the 1930s [144, 145]. Hence, by tuning,
e.g., the pulse duration of circularly polarized pulses the asymmetric photodecomposition
can be done more efficiently. Newer approaches combine also several linearly polarized
laser fields to gain control over the molecular chirality [132, 146–152]. These approaches
focus on optimizing a photoderacemization reaction. Lately, quantum control concepts
were also applied to separate enantiomers in a racemic mixture [153–156] which is not
an asymmetric photoreaction per definition. A complete discussion of all these theoret-
ical concepts is far beyond the scope of this work, but since this thesis deals also with
spectroscopic approaches which might be used for chiral control (see Chapters 4 and 8),
at least a short introduction will be given here. Quantum control schemes which can be
categorized as asymmetric synthesis in the list above are not yet present. Such reactions
are however possible and also used in the field of “photochirogenesis” [157] which uses
circularly polarized light to excite chiral catalysts to trigger an asymmetric photoreaction.
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Figure 2.10: Schematic representation of the
typical assumed double-well potential for chiral
quantum control. The transitions are sketched
in analogy to the “laser distillation” scheme of
Shapiro et al. [148]. A laser pulse E1(t) (blue)
excites R- and S-enantiomers from their energet-
ically degenerated electronic ground states (|ΨR⟩
and |ΨS⟩) to the corresponding excited states
(|Ψ1⟩ and |Ψ2⟩). The plotted energy difference
between those two excited states is exaggerated,
since the excitation can be done with the same fs
laser spectrum. Another laser pulse E0(t) (red)
is coupling those excited states which get also de-
populated via dumping due to E1(t). By exact
tuning of the frequencies Shapiro and coworkers
showed, that the time evolution of the population
in the states |ΨR⟩ and |ΨS⟩ is indeed different,
hence chiral control can be achieved [148].

In the following, one famous approach, utilizing a photoderacemization reaction (see
Fig. 2.9a) will be introduced. It is called “laser distillation” (confer Fig. 2.10) and was
brought forward by Shapiro, Frishman, and Brumer [148, 149]. The basic idea is to model
a chiral molecule with a double-well potential [89, 92] to mimic the properties of chiral
molecules. In such a potential (see Fig. 2.10) there exist two ground states with the
exact same energy existent, which Shapiro, Frishman, and Brumer refer to the R- and
S-enantiomer. Deviations of this assumption could occur due to parity violation which
will not be discussed within this thesis. The interested reader can find more details in the
literature, e.g., Refs. [158–160]. Further simplifications are the assumption of pre-oriented,
not to be mistaken with pre-aligned, molecules in the gas phase.

The applied light field to such a system consists of two LIN polarized laser pulses. The
first one E1(t) is tuned to excite both enantiomers to their first electronically excited
states, as shown by the blue arrows in Fig. 2.10. As mentioned above, the energies of
the two ground states (|ΨR⟩ and |ΨS⟩) are equal which does not hold for the respective
first excited states |Ψ1⟩ and |Ψ2⟩. The second laser pulse E0(t) is now tuned so that it
exactly hits the resonance between |Ψ1⟩ and |Ψ2⟩. It is assumed that the first laser field
E1(t) is intense enough so that also dump processes are possible. Thus, by the correct
time-delay between the two laser fields and by choosing the appropriate laser intensities
and pulse durations it is possible to transfer population from |ΨR⟩ to |ΨS⟩ or the vice
versa. Since again several quantum pathways interfere and the rate for the population
transfer is rather low, a macroscopic effect can only be observed after several pump–
dump processes. Numerical simulations showed, however, that a complete population
transfer is not possible, although the utilized laser intensities are already comparable high.
Furthermore, the model totally neglects the existence of intermolecular interactions.
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A major criticism regarding the laser distillation scheme was the assumption of pre-
oriented molecules. This can be avoided, as shown by Zhadanov et al. [151], if a third
light field is introduced. The additional laser pulse is thus only used to pre-align the
molecules. Another approach is the utilization of different linear polarization components
as shown by Hoki et al. [147]. Here, the two laser pulses of the laser distillation scheme
are not chosen collinear, but hit the sample under a different angle. Thus, an effective
third polarization component is existent which can be used for the alignment/orientation
of the molecules, while the two remaining components again perform the above described
pump–dump scheme.
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Chapter 3

Experimental preliminaries
After discussing the basic theoretical concepts necessary to describe the principles of light-
matter interaction in the preceding chapter, the following part of this thesis is dedicated
to introduce the techniques utilized in the laboratory. At the beginning, the focus will
again lie on the probe, i.e., the ultrashort laser pulses. Not only the generation (Sec. 3.1.1)
but also the frequency-conversion to the desired spectral range (Sec. 3.1.2) and several
techniques capable of characterizing the fs laser pulses (Sec. 3.1.3) will be described. After-
wards, the different spectroscopic techniques and corresponding experimental setups used
in this thesis will be introduced. In Sec. 3.2 the basic idea of pump–probe spectroscopy
will be presented and detailed with the nowadays commonly known transient-absorption
scheme, which was also used in Chapter 9. Subsequently, the time-of-flight mass spec-
troscopy in combination with the pump–probe scheme will be detailed (Sec. 3.3) which
was utilized in Chapter 5.

3.1 Generation of the utilized femtosecond laser pulses

To be able to investigate ultrafast photochemistry, the probe, which in the case of this
thesis are intense ultrashort laser pulses, is the key feature. Hence, the following section
deals with the generation and manipulation of this tool. Before specifically designed laser
pulses are described, the initial step, the generation of these pulses will be detailed in the
following.

3.1.1 Laser system

The used laser sources in this thesis are commercial products offering high stability and
user-friendly controllability. The principal components are depicted in Fig. 3.1 and will
be discussed shortly in the following.

The central part of a state-of-the-art femtosecond laser source is the Ti:Sa oscillator.
In recent years, also Yb-based fiber lasers were utilized since higher average powers are
achievable at the cost of longer pulse durations [161]. However, since in this work only
Ti:Sa based lasers were used, only the functionality of those is described in the following.
The oscillator consists of a pump laser, a continuous-wave (CW) neodymium-doped yt-
trium orthovanadate Nd:YVO4 diode laser, the titanium doped sapphire (Al2O3) crystal
working as gain medium, and an optical resonator. The amplification profile of the gain
medium determines which longitudinal modes are amplified in the resonator and thus it is
also responsible for the achievable pulse duration [18]. Since short light pulses should be
generated, the amplification is not the only condition which must be fulfilled. To generate
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Figure 3.1: Schematic representation of the utilized femtosecond laser source. The two basic compo-
nents are a Ti:Sa oscillator and a CPA system which itself consists of a stretcher, a regenerative amplifier,
and a compressor. Ultrashort pulses (< 100 fs at 80 MHz) are initially generated via self-mode locking
in the Ti:Sa crystal of the oscillator, pumped by an CW Nd:YVO4 diode laser. To amplify so called seed
pulses a CPA system is utilized. Thus, an Öffner-type stretcher is used which chirps the pulse and every
color can be amplified independently. These chirped seed pulses are overlapped spatially and temporally
with the output of a pulsed Nd:YLF laser in another gain media, which is again Ti:Sa. After this am-
plification step, the pulses are compressed with a Treacy-type compressor to a bandwidth-limited pulse
of about ≈ 100 fs duration at a repetition rate of 1 kHz. Since every color of the initial bandwidth is
amplified individually, the peak power in the regenerative amplifier is not that high such that damage in
the material can be avoided. Thus, the final laser output power can easily reach several watts nowadays.

a pulsed output the phase relation between all the longitudinal modes must not only be
fixed, like in a CW laser, but they must share the exact same phase value. Hence, they
constructively overlap at one point in time and thus a short light pulse is generated. This
process is called mode-locking [18, 21] and can be achieved in various ways. For several
years, this mode-locking was done passively [162, 163] but nowadays the self-mode locked
[164] Ti:Sa is state-of-the art. Besides that the dispersion introduced by the gain medium
is compensated with a prism pair, an aperture in the resonator blocks the CW mode, and
an output slit is utilized to tune the output wavelength [18, 21]. With these approaches
pulse durations well below 10 fs can be achieved [165, 166]. The blocking of the CW mode
is possible due to the Kerr lensing [18] since the pulsed modes exhibit higher peak inten-
sities and thus are better focused. The repetition rate of Ti:Sa oscillators lies typically
in the MHz range (80 MHz in the used system, see Fig. 3.1) which depends on the mode
spacing and thus on the length of the optical resonator. The output pulses are centered
around 800 nm since the gain of the Ti:Sa amplification profile peaks around there. They
are routinely used for various spectroscopy applications, but if higher pulse energies are
needed, e.g., for frequency conversion to other spectral ranges or nonlinear spectroscopy,
a further amplification process is necessary.
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3.1 Generation of the utilized femtosecond laser pulses 49

This is typically done in a chirped pulse amplification (CPA) system [167–170], con-
sisting of the stretcher, the regenerative amplifier, and the compressor. The stretcher
and compressor are basically a grating pair which introduce a positive or negative chirp,
respectively. This is done to avoid damage in the amplifying medium, again a Ti:Sa crys-
tal, because different colors arrive at different times in the gain medium. However, since
the compressor introduces a negative chirp, the output pulse is again nearly bandwidth-
limited but with a much higher peak energy of several millijoule. Since the stretched
pulses reach durations of ≈ 100 ps, the repetition rate of 80 MHz from the oscillator
is too high. Thus a pulse picker, consisting of two Pockels cells [17, 18], selects the so
called seed pulses from the oscillator at a 1 kHz rate so that they are temporally and spa-
tially overlapping with a pulsed nanosecond neodymium-doped yttrium lithium fluoride
(Nd:YLF) in the Ti:Sa crystal (see Fig. 3.1). With this approach the utilized laser system
can generate ultrashort femtosecond laser pulses with 100 fs duration at a repetition rate
of 1 kHz and pulse energies of 2.5 mJ.

As mentioned previously, the pulse duration of the initial seed pulses depends on the
bandwidth of the gain medium. This is utilized by the commercial laser source since
the output spectrum of the oscillator can easily be tuned with the output slit. Hence,
the laser source can also operate in a short-pulse mode, where the output bandwidth is
increased from 15 nm FWHM to 60 nm FWHM, giving rise to pulses short as 35 fs but
still exhibiting pulse energies in the millijoule range. For even broader output spectra
even few-cycle laser pulses can be generated [23, 25], which is however not used in this
work.

3.1.2 Frequency conversion techniques

Since most molecules, including those investigated in this thesis, do not absorb around
800 nm, the femtosecond laser pulses generated with the laser system described in the
previous section have to be converted to the visible or even ultraviolet spectral range.
Theoretically this refers to Sec. 2.2 where the principles of nonlinear optics were intro-
duced. Hence, there are several processes which are able to convert the fundamental
output of the laser system to other wavelengths. In this thesis two different concepts were
used. On the one hand the conversion to the second, third, or fourth harmonic of the
800 nm fundamental via sum-frequency generation and on the other hand the noncollinear
optical parametric amplification.

Harmonic generation via SFG

In the laboratory, the generation of harmonics of the fundamental via sum-frequency
generation via nonlinear crystals is very convenient since intense ultrashort laser pulses
in different spectral regions can be generated without much effort [35]. However, with
that approach only 400 (2nd), 267 (3rd), and 200 nm (4th harmonic) can be generated
straight-forward, as depicted in Fig. 3.2.
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Figure 3.2: Harmonic generation with several
BBO crystals via SFG. The 800 nm fundamen-
tal (red) is split in three parts with the help
of beam splitters (BS). One fraction is used for
second harmonic generation (SHG 400 nm, light
blue) which itself is again mixed with the funda-
mental beam in another BBO for third-harmonic
generation (THG 267 nm, dark blue). Finally,
the third harmonic is mixed once again with the
800 nm beam to achieve fourth harmonic gener-
ation (FHG 200 nm, violet). The depicted de-
lay stages are utilized to achieve a perfect tem-
poral overlap of the fundamental with the cor-
responding harmonic in the BBO crystal. The
beam splitters at the bottom are dichroitic mir-
rors which are always reflective for the funda-
mental (HR800) and transmissive for the corre-
sponding harmonic (HT400, HT267). The de-
picted half-wave plate (WP) is needed to adjust
the linear polarization to achieve optimal phase
matching in the utilized type-I crystal (see text).
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p-pol.

s-pol.

The most common harmonic generation is the second harmonic generation (SHG) pro-
cess, since only an appropriate birefringent crystal (see Sec. 2.2.3) is needed. By utilizing a
BBO crystal whose optical axis encloses an angle of θ = 29.2◦ (type-I) with the surface and
fine adjustment of that orientation to achieve perfect phase matching, the generation of
the second-harmonic spectrum (light blue beam in Fig. 3.2) is possible. To do an efficient
conversion to the third harmonic (267 nm, dark blue in Fig. 3.2) the second harmonic and
the fundamental beam have to be overlapped spatially and temporally in another BBO
crystal (θ = 44.3◦, type-I). Here, besides the perfect alignment of the orientation of the
crystal, also the polarization states of the involved beams have to be adjusted. Thus the
half-wave plate (denoted with WP in Fig. 3.2) is necessary. Furthermore, the temporal
and spatial overlap have to be adjusted very carefully in this case, hence mechanical delay
stages are needed. If the spatial overlap is achieved by recombining the two beams with
a dichroic mirror, as shown in Fig. 3.2, it must be chosen such that the fundamental
is reflected (HR800) while the 400 nm beam is transmitted (HT400). For FHG (violet
beam in Fig. 3.2) an analogous procedure is necessary, thus the fundamental is mixed
with the 267 nm beam in a third BBO crystal (θ = 64.7◦, type-I). Hence, just by aligning
few mirrors, beam splitters and nonlinear crystals, it is possible to switch the wavelength
between 800, 400, 267, and 200 nm. Of course the pulse energy gets lower with every
conversion step and also noise effects increase with every nonlinear process.
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Figure 3.3: Schematic representation of the
utilized two-stage noncollinear optical paramet-
ric amplifier. The fundamental 800 nm Ti:Sa
CPA output is split up in two beams. A small
fraction is used for WLG in a sapphire plate (Sa)
which then is used as seed pulse. The greater
part is used for SHG and again split in two
parts. Both are overlapped spatially and tempo-
rally in another BBO with the seed to achieve the
two amplification stages under the noncollinear-
ity angle β. Figure adapted from Ref. [41].

Noncollinear optical parametric amplification

A more versatile and more tunable method for frequency conversion of femtosecond laser
pulses is the so-called noncollinear optical parametric amplification (NOPA) [171]. It
makes use of several frequency conversion processes which were introduced in Sec. 2.2.2.
The second harmonic of the fundamental of the laser system is overlapped spatially and
temporally in a BBO with a whitelight continuum, also generated from the fundamental
beam. The whitelight has a rather low intensity and works as seed pulse, while the SHG
beam is typically very intense and works as pump pulse in the NOPA scheme. In contrast
to the collinear OPA scheme (compare Fig. 2.3) where phase matching is achieved by
adjusting the crystal orientation to generate the signal beam, here the pump and seed
beam enclose a fixed angle β. Due to this noncollinearity, it is possible to phase match
the signal and seed group velocity over a wide wavelength range. Since the seed in this
scheme is broadband, just by turning the BBO crystal (and appropriate adjustment of the
temporal overlap) the resulting spectra can be tuned over the complete visible spectral
range [172, 173].

With the NOPA principle described above, it is possible to achieve output pulse energies
of several micro-Joules. To amplify the output pulses even more, it is possible to build a
so-called two-stage NOPA where the already amplified seed pulse travels again (with the
same noncollinearity angle) through a BBO and is once again spatially and temporally
overlapped with the 400 nm SHG beam. By doing so, the output power can be enhanced
by a factor of about 10. Such a NOPA was used for the scope of this work and the principle
working scheme is sketched in Fig. 3.3. The noncollinear angle in the commercial NOPA
TOPAS white (LightConversion Ltd.) which was utilized in this thesis is β ≈ 4◦, hence
the optimal phase matching is achieved for a signal ≈ 560 nm [171]. For a different NOPA
wavelength, the crystal orientation as well as the delay times for both pump stages (see
mechanical stages in Fig. 3.3) have to be adjusted. Within the TOPAS white, a static
double-pass pulse shaper (phase mask) is used to introduce a negative chirp for the seed
pulse. This compensates on the one hand for the chirp due to the WLG and on the other
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hand makes it possible to compress the final pulse by passing through an adjustable pair
of glass wedges after the NOPA stages (not shown in Fig. 3.3). With this approach, it
is possible to convert the fundamental (800 nm, 0.8 mJ, 100 fs) into pulses in the visible
spectral range with shorter pulse durations (500-700 nm, 30-70 µJ, 15-70 fs) or even into
the near-infrared (850-1000 nm, 10-60 µJ, 35-70 fs) [171].

3.1.3 Characterization of ultrashort laser pulses

The knowledge about the properties of ultrashort laser pulses, e.g., generated as described
in the previous section, is crucial for the quantitative analysis of experiments. For exam-
ple, in order to calculate the photon flux, not only the wavelength and intensity of the
laser beam is decisive, but also the beam spot size. Furthermore, the temporal duration
of a laser pulse is important for the time resolution in time-resolved experiments like the
ones performed in this work. While some properties can be measured rather straight-
forwardly others are not easily accessible. From the mathematical description of fs laser
pulses (see Sec. 2.1) it is known that spatial and temporal properties must be evaluated
to give a full characterization. Hence, for both properties measurement approaches will
be discussed in the following.

Intensity measurements

One of the most important properties is the intensity of the laser pulse. Due to the
mutual relation between frequency and time domain, one can derive this value in both
descriptions. Starting with the temporal intensity I(t), one can describe it as an average
of |E+(t)| [confer Eq. (2.1.7)] over one optical cycle T

I(t) = c0ε0ñ

T

t+T/2∫
t−T/2

∣∣∣E+(t′)
∣∣∣2 dt′ = 2c0ε0ñA(t)2, (3.1.1)

if the SVEA conditions in Eq. (2.1.9) are met. Here, ñ refers to the linear index of
refraction (see Sec. 2.1.2). A Fourier transform, as introduced in Eq. (2.1.4), leads to the
analogous result in the frequency domain

I(ω) = 2c0ε0ñA(ω)2. (3.1.2)

Both results depend on the envelope function either in the spectral A(ω) or the temporal
domain A(t). However, in both descriptions, the energy fluence F , i.e., the amount of
energy per unit area which is contained in the electric field, must be identical. Hence, the
relation

F =
+∞∫

−∞

I(t)dt =
+∞∫

−∞

I(ω)dω (3.1.3)
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holds. If the total pulse energy W is required, one needs to integrate F over the spatial
coordinates s, as defined in Eq. (2.1.20). To determine the intensity in the laboratory,
one often utilizes a spectrometer which delivers wavelength-dependent spectra S(λ). To
convert those values into intensity values one can use the relation

S(λ)dλ = Q(λ)I(λ)dλ. (3.1.4)

The transmission efficiency and wavelength-dependent polarization dependence can be
absorbed into the factor Q(λ). In most cases this factor can be assumed to be constant.
However, for broad spectra and elliptical polarizations one has to consider this factor which
will be mentioned later on in this work. Furthermore, since one describes all properties
with the angular frequency ω instead of using the wavelength λ the Jacobi transformation

I(ω)dω = I(ω(λ))
∣∣∣∣∣dωdλ

∣∣∣∣∣ dλ = I
(2πc
λ

) 2πc
λ2

dλ (3.1.5)

has to be considered if the spectral intensity I(ω) ∝ S(ω) is of interest.

Knife-egde scan

For the spatial coordinates, the beam profile typically is assumed to be Gaussian shaped,
as already discussed in Sec. 2.1.3. Thus, the two-dimensional intensity profile along the
laboratory coordinates x and y can be described with

I(x, y) = I0e
− 2(x−x0)2+2(y−y0)2

w2
0 (3.1.6)

where w0 refers to the spot size of the beam and (x0|y0) are the coordinates where the
two-dimensional Gaussian exhibits the maximum intensity I0. To determine the spot size
w0, a measurement called knife-edge scan [174, 175] can be performed. In that approach, a
razor blade is guided through the beam so that at the beginning the complete intensity is
blocked and step-by-step the beam profile is unblocked by the razor blade. The intensity
is recorded dependent on the position of the blade, e.g., with a photodiode. By assuming
that the movement of the blade is parallel to the x direction the measured intensity signal

PD(x) = I0

2

[
1 − erf

(√
2(x− x0)
w0

)]
(3.1.7)

can be described by an error function [12] which depends on the position x. Thus, by
fitting Eq. (3.1.7) to the measured data one can determine the spot size w0, while the
position x0 and intensity I0 are only fit parameters. If the beam profile exhibits exactly
the form of a two-dimensional Gaussian, the determined value for the spot size is indeed
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valid also for other directions. However, if the actual profile is asymmetric, a knife-edge
scan along other directions, e.g., along the y direction, would result in a different spot
size w0. Thus, either several knife-edge scans can be performed or for an even more exact
treatment, there is the possibility to do beam profiling by imaging the intensity of the
laser beam with a two-dimensional detector [176].

Autocorrelation and cross-correlation

While the measurement of the beam profile is possible in the macroscopic domain, the
temporal characterization cannot be performed that simple since the temporal resolution
of photodetectors is too low to determine the temporal intensity profile directly in the
time domain. Therefore, techniques in which the laser pulse is referenced with itself or
another laser pulse with known characteristics have to be applied. In this thesis two
methods which are able to measure the temporal duration of an ultrashort laser pulse
were applied and will be introduced in the following.

As already discussed in Sec. 2.1.1, spectral (and thus also temporal) phases change the
shape of the envelope function. Even the propagation through dispersive media already
changes the temporal shape (confer Sec. 2.1.2). Hence, before discussing techniques which
are able to determine the temporal profile quantitatively, a distinction of the term pulse
duration is needed. To start with, one considers a Gaussian as envelope function

A(ω) = E0

2
e− 2 ln 2

∆ω
(ω−ω0)2 (3.1.8)

with the FWHM of the intensity profile ∆ω in the frequency domain. By Fourier trans-
forming Eq. (3.1.8), one can calculate the corresponding width ∆t in the time domain
exhibiting the relation

∆t∆ω ≥ 4 ln 2. (3.1.9)

Here, the equality only holds for pulses with a flat spectral phase, i.e., bi = 0 for all i ≥ 2
[see Eq. (2.1.12)]. This relation can also be derived for other envelope functions. Thus,
in general one describes the time-bandwidth product

∆t∆ω ≥ 2πcTBP (3.1.10)

with the parameter cTBP, describing different intensity profiles. By comparing Eq. (3.1.9)
with Eq. (3.1.10), one can calculate cTBP = 4 ln 2

2π = 0.441 for a Gaussian envelope. In the
case of a rectangular spectrum cTBP = 0.443 holds, while a Lorentzian intensity profile
leads to cTBP = 0.142 [18]. If the equality in Eq. (3.1.10) holds, i.e., the pulse has a flat
spectral phase, the pulse is called transform-limited or bandwidth-limited. If the intensity
profile has only one single maximum, like in the examples above, ∆t and ∆ω are defined
as the FWHM. However, if the pulse envelope has several maxima, e.g., in the case of
post- or pre-pulses, this definition fails. Nevertheless, in some cases it is still possible to
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Figure 3.4: Schematic representation of se-
tups for the measurement of (a) an intensity au-
tocorrelation and (b) and SFG intensity cross-
correlation. In the first case, a Mach-Zehnder-
type interferometer generates a copy of the in-
cident laser pulse (red beam). Both are non-
collinearly overlapped in a BBO crystal for SHG
(blue beam). In the latter case, the so-called
reference pulse (red beam) with known charac-
teristics is delayed with respect to the unknown
pulse (blue beam) and both are overlapped again
in noncollinear fashion in a SFG BBO. In both
configurations, the detector records the total sig-
nal as a function of the time delay τ which can
be manipulated via the computer-controlled mo-
torized delay stages. If the detector is not a pho-
todiode but a spectrometer, FROG traces can be
recorded (see text).

introduce a measure for the pulse duration with the help of the temporal second-order
moment or the so-called equivalent pulse width [18, 22, 177]. However, for very complex
pulses the term “pulse duration” might not be applicable at all. In this thesis, all pulses
exhibit a single maximum in the intensity profile and therefore such measures are not
utilized.

The most prominent technique to determine the temporal duration of a femtosecond
laser pulse in the near-infrared or visible spectral domain is the second-order autocorrela-
tion, as depicted schematically in Fig. 3.4a. A Mach-Zehnder-type interferometer gener-
ates two copies of the incoming laser pulse which can be delayed with respect to each other
with the help of a computer-controlled delay stage. The two beams are focused weakly on
the same spot of a phase-matched BBO in order to generate the second-harmonic (SHG).
Since the focusing is weak, the angles are small, hence both beams perform SHG but in
the case of temporal overlap also a cooperative SHG process is possible. Only this coop-
erative signal is detected since the two other beams are blocked by an iris as sketched in
Fig. 3.4a. The noncollinear geometry is crucial in this scheme since otherwise the SHG
signals of the two beams as well as the cooperative SHG signal would interfere, which cor-
responds to a so-called fringe-resolved autocorrelation [18, 21, 22]. The cooperative SHG
signal recorded with the scheme in Fig. 3.4a as a function of the delay time τ constitutes
the so-called intensity autocorrelation (IAC)

IIAC(τ) ∝
∫ +∞

−∞
I(t)I(t− τ)dt. (3.1.11)
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The FWHM of the intensity autocorrelation ∆tIAC is related to the pulse duration ∆t
simply by ∆tIAC =

√
2∆t for a Gaussian intensity profile (for other profiles see, e.g.,

[18, 21]). However, as already deducible from Eq. (3.1.11) it is not possible to determine
the complete electric field, since the IAC depends only on the intensities, i.e., the square
of the electric field. This leads to ambiguities, especially if the temporal intensity profile
exhibits a complex shape. If the temporal profile is reversed I(t) → I(−t) the IAC remains
unaltered, to mention just one example. Nevertheless, several approaches to determine
the electric field under special restrictions [178, 179] have been developed, but none of
those are unambiguous [22, 180].

The concept of the intensity autocorrelation is not restricted to the SHG process of
pulse copies. Also other nonlinear processes like SFG or DFG are possible with two
different laser pulses which thus is termed intensity cross-correlation (ICC) as depicted
schematically in Fig. 3.4b for an SFG process. In analogy to Eq. (3.1.11) it is defined as
the integral over the product of the two temporal intensity profiles

IICC(τ) ∝
∫ +∞

−∞
I1(t)I2(t− τ)dt. (3.1.12)

The disadvantage compared to the IAC in this case is that the pulse duration of one of
the two pulses must be known in order to be able to calculate the other, since ∆tICC =√

∆t21 + ∆t22 holds [18, 21]. However, the ICC has also an advantage compared to the
IAC. Due to the fact that two different pulses generate the cooperative signal, several
ambiguities, e.g., the one for time-reversal in the case of IAC, vanish. Hence, an ICC of a
known transform-limited reference pulse with a complex unknown laser pulse is a valuable
tool for the characterization of temporal profiles. Since the nonlinearity can stem from a
SFG or a DFG process, the flexibility is also quite high.

Frequency-resolved optical gating

If one wants to characterize the laser pulse entirely, i.e., not only the temporal duration
but also the temporal phase function is of interest, the methods described above are not
sufficient. As was shown in Sec. 2.1.1, the temporal and spectral description of laser pulses
are bijective, thus the characterization can also be done in the spectral domain. Thus,
the spectral intensity profile and the spectral phase can also be measured for a full char-
acterization. While the frequency-dependent intensity profile can be measured directly
with the help of a spectrometer, the determination of the phase function is more complex.
One vastly utilized method is frequency-resolved optical gating (FROG) [22], developed
by Trebino and coworkers, which will be detailed in its simplest version, the SHG FROG,
in the following. The experimental setup is identical to the intensity autocorrelation,
except that the detector is exchanged with a spectrometer (confer Fig. 3.4a). Due to the
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frequency-resolved detection of the SHG signal SSHG
FROG(ω, τ) Eq. (3.1.11) changes to

SSHG
FROG(ω, τ) =

∣∣∣ESHG
FROG(ω, τ)

∣∣∣2 ∝
∣∣∣∣∫ +∞

−∞
E+(t)E+(t− τ)e−iωtdt

∣∣∣∣2 (3.1.13)

and is again symmetric with respect to delay τ = 0. Unfortunately, it is not possible
to calculate the corresponding electric field analytically from the measured FROG trace
SSHG

FROG(ω, τ). The retrieval is however possible via numerical algorithms [22, 181–183]
which iteratively determine the correct pulse shape. Those algorithms are mathematically
very different but have at least two properties in common. Firstly, the possible pulse
shapes are restricted by the employed nonlinearity, in case of Eq. (3.1.13) the SHG process,
and secondly, the retrieved FROG trace is calculated to exhibit the smallest deviation
(so-called FROG error) from the measured FROG trace SSHG

FROG(ω, τ). It could be shown
in the literature that with this approach the complete electric field information (spectral
intensity and spectral phase) are retrievable [22, 184], although few ambiguities remain.
Those are time-reversal, since Eq. (3.1.13) is symmetric with respect to τ = 0, the absolute
phase, and the relative phases of well-separated frequency components [184]. While those
ambiguities are not problematic, since they can be clarified by other techniques or are
just irrelevant, another property of the FROG retrieval algorithms is more relevant. It is
possible that for complex FROG traces the algorithm finds a solution with a comparable
FROG error which does not correspond to the correct electric field [185]. Luckily, in
such a case, the retrieved spectral intensity is clearly different from the measured one and
hence that case can also be excluded [185].

Besides the SHG FROG, there are also several other FROG approaches. Another
often-used technique is the XFROG which is essentially a frequency-resolved version of
the intensity cross-correlation and can be realized again by exchanging the photodetec-
tor in Fig. 3.4b with a spectrometer. The great advantage of the FROG technique is
the possibility to perform a pulse characterization without a priori knowledge about the
electric field. However, due to the necessary nonlinear frequency conversion process very
weak pulses or laser pulses in some spectral domains cannot be characterized. Hence,
several other techniques have been developed like the spectral phase interferometry for
direct electric field reconstruction (SPIDER) [186, 187], grating-eliminated no-nonsense
observation of ultrafast incident laser-light E-fields (GRENOUILLE) [188] or multiphoton
intrapulse interference phase scan (MIIPS) [189], to mention just some examples. Even
for laser pulses which exhibit no linear polarization, as assumed for the techniques above,
characterization techniques are available nowadays [190].

3.2 Pump–probe spectroscopy

Transient spectroscopic approaches are a common tool in many research fields, especially
in biology, chemistry and physics [191, 192]. The underlying idea is to study a system
which is initially in a relaxed state, i.e., in equilibrium with its environment. This system
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is excited, i.e., it is transferred in a non-equilibrium state, and afterwards the dynamics of
the system on its way back to a relaxed state are measured. In principle, pump and probe
can be any force which interacts with the system under investigation. Often, and especially
in the above mentioned research fields, this force is a light pulse, opening the possibility
of investigating photophysical or photochemical processes. Early pioneers in that field
were Norrish and Porter, which were awarded the Nobel prize in 1967, for the invention of
the flash photolysis technique [193, 194] where two light flashes are utilized as pump and
probe. The time-evolution could be detected with a precision of milli- to microseconds.
Unfortunately, this time resolution is not sufficient if intra- and intermolecular processes
are of interest which occur on time scales below 100 fs [95]. Thus, with the development of
ultrafast laser sources and thus exchanging the light flashes with ultrashort laser pulses, it
became possible to transfer the pump–probe spectroscopy principle into the femtosecond
domain. This enabled scientists to establish the research field termed femtochemistry for
which Ahmed H. Zewail was awarded the Nobel prize in chemistry in 1999 [192].

The pump–probe principle is vastly used for the detection of absorption changes to
elucidate photochemical and photophysical properties. Hence, in the following transient-
absorption spectroscopy will be described. However, instead of detecting absorption
changes [195] it is also possible to detect fluorescence [196], photoelectrons [197], or ions
[198]. The ion detection was also used in this work, as will be detailed in Chapter 5. Be-
sides the description of transient-absorption spectroscopy, exemplary for all pump–probe
approaches in this thesis, also the data evaluation of pump–probe approaches will be
detailed in the following.

3.2.1 Transient-absorption spectroscopy

The goal of a transient-absorption (TA) spectroscopy experiment is to detect excited state
dynamics of a molecular system. Thus, an ultrashort laser pulse (pump, red in Fig. 3.5)
is utilized to initiate a, typically electronic, transition in the system under investigation.
The photo-induced dynamics triggered by this excitation are subsequently detected with
another ultrashort laser pulse (probe, colored in Fig. 3.5). With the help of a computer-
controlled motorized delay stage, the time delay between those two pulses can be varied
(see Fig. 3.5). The time delay τ is thus mapped to a spatial variable which limits achievable
delays to several nanoseconds due to technical limitations [199]. Due to a frequency-
resolved detection of the probe pulse with the help of a spectrometer after interacting
with the sample a two-dimensional data set is gained. Hence, the sample’s change in
absorption for every wavelength of the probe beam spectrum is recorded for a series of
delay times τ . Nowadays typically a whitelight continuum (confer Sec. 2.2.2) is utilized
as probe. Since one is interested in the change in absorption upon excitation one has
to compare the absorption with and without the pump pulse. Thus, every second pump
pulse is blocked by using an optical chopper. Together with a high-repetition detection
of the spectrometer, this makes fast and precise measurements possible since subsequent
laser shots are used for the comparison. Moreover, since the laser pulse intensity varies
over time a shot-to-shot detection is beneficial due to the higher correlation of subsequent
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Figure 3.5: Schematic representation of a transient-absorption (TA) experiment. An ultrashort laser
pulse (pump, red beam) excites a subensemble of the molecules in the sample. The excited population
evolves in time, e.g., it relaxes back to the ground state or undergoes a reaction to a product. During
this evolution, the optical properties of the subensemble are changing. This can be detected with a
second ultrashort laser pulse (probe, colored) for several time-delays τ . The intensity of the probe pulse
after interacting with the molecule is detected frequency-resolved with a spectrometer, leading to a two-
dimensional data set.

pulses [200, 201]. Furthermore, as indicated in Fig. 3.5 pump and probe beams are focused
weakly onto the sample such that the pump spot size is always larger than the one of the
probe. This guarantees that only molecules are probed which were indeed excited. Due
to the high repetition rate (1 kHz) of the utilized laser system, the sample is continuously
pumped through the sample capillary to ensure that every pump pulse hits unexcited
molecules.

With this approach, the spectrometer detects a signal SPPR(l, λ, τ) depending on the
path length of the sample l, the wavelength λ of the probe, and the pump–probe time
delay τ . If the signal before (or without) the sample S0(l = 0, λ) is known, it is possible
to calculate the absorbance via the Beer-Lambert law [Eq. (2.4.20)]. The physical value
absorbance is often also called optical density

ODPPR(l, λ, τ) = − log10

[
SPPR(l, λ, τ)
S0(l = 0, λ)

]
= ϵ(λ)[c](τ)l (3.2.1)

which is directly related to the decadic extinction coefficient ϵ(λ) and the molar concen-
tration [c](τ), as mentioned already in Sec. 2.4.3. In the case of TA spectroscopy one is
however interested in the change of the OD value after the interaction with the pump
pulse ODPPR(l, λ, τ). Hence, one has to subtract this OD value from the OD value for

A. Steinbacher: Circular dichroism and accumulative polarimetry of chiral femtochemistry

Dissertation, Universität Würzburg, 2015



60 3 Experimental preliminaries

the case where only the probe interacts with the sample ODPR(l, λ)

∆OD(l, λ, τ) = ODPPR(l, λ, τ) − ODPR(l, λ) (3.2.2)

= − log10

[
SPPR(l, λ, τ)
S0(l = 0, λ)

]
+ log10

[
SPR(l, λ)
S0(l = 0, λ)

]

= − log10

[
SPPR(l, λ, τ)
SPR(l, λ))

]
= ϵ(λ) ([c](τ) − [c]0) l.

The TA signal ∆OD thus depends on the optical path length (which is fixed for an ex-
periment), the molecular extinction coefficient, and the temporal evolution of the excited
population which is resembled in the time-dependent change of the molecular concentra-
tion ([c](τ) − [c]0).

As already discussed in Sec. 2.4.2, there are several relaxation processes possible which
also change the absorption spectra, and thus the TA signal [Eq. (3.2.2)]. In principle
there exist four different origins for an absorption change in a TA experiment which will
be discussed shortly in the following. The given signs of the contributions correspond to
the sign convention of Eq. (3.2.2).

• Ground-state bleaching (GSB, ∆OD < 0): After the excitation of a subensem-
ble of molecules in the sample to a higher-lying electronic state by the pump pulse,
there are less molecules left in the ground electronic state. Hence, this depopulation
is visible in a decreased absorption of the ground state (often called bleach). The
spectral shape matches the steady-state absorption of the excited species.

• Excited-state absorption (ESA, ∆OD > 0): Corresponding to GSB there is
also the possibility to absorb a probe photon to excite the molecule to an even
higher-lying electronic state. Thus, this corresponds to an absorption band of a
molecular excited state, resulting in a positive signal. The ESA is only possible as
long as the subensemble is still in the excited state.

• Product absorption (PA, ∆OD > 0): If the initial pump pulse triggers a pho-
toreaction with a stable product, i.e., stable on time scales of the TA experiment,
this can be identified by an emerging positive signal. The origin might be a radical,
a charge-separated state, an isomerized species, or a product of a photo-induced
bond cleavage. But also an intermediate state which lasts longer than the accessible
time delay for TA experiments, e.g. triplet states, is possible. The PA absorption
corresponds with a remaining GSB.

• Stimulated emission (SE, ∆OD < 0): The excited subensemble might be emis-
sive, i.e., fluorescence (see Sec. 2.4.2) can be observed for the molecular system
under investigation. In this case, it is possible to stimulate the emission of another
photon by the probe pulse. Hence, more probe light will be detected which results
in a negative signal contribution. Typically, the SE is red-shifted with respect to
the GSB due to the Stokes-shift (see Sec. 2.4.2).
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As mentioned above, the TA data set is three-dimensional (delay, wavelength, OD) and
thus contains rich information about the underlying photoprocesses described above. To
visualize the data completely, typically a transient map, i.e., a contour plot, with delay
and wavelength axis is shown. However, for a detailed presentation and discussion often
slices of the TA map along the delay time τ axis, called transient or along the probe
wavelength axis, called difference spectra, are presented.

3.2.2 Data evaluation of pump–probe techniques

Not only in the case of transient-absorption experiments, as described above, but also
in other multichannel time-resolved measurements, the data evaluation is a crucial step
in the understanding of photo-induced processes. Due to the multidimensional data set
resulting from pump–probe techniques, a straightforward understanding is often not pos-
sible. Especially, due to the fact that several processes, possibly with different time scales
and, e.g., in the case of TA different spectral features can occur simultaneously a global
fitting approach is thus desirable [202–204]. Furthermore, the data should be fitted to
a theoretical model which can be mapped to the molecular system under investigation.
Thus, simple kinetic rate models, neglecting coherence effects, are frequently used to
model pump–probe data [202].

The two commonly applied models are the so-called parallel and the sequential model as
depicted in Fig. 3.6. In the first case (Fig. 3.6a) it is assumed that the excited population
decays on several different time scales to intermediate states or back into the ground state
[202, 205]. Mathematically, this model can be described as the sum of mono-exponential
decays. In the case of transient absorption the TA map thus can be modeled with

∆ODDAS(λ, τ) =
M∑
i=1

DASi(λ)e−kiτ (3.2.3)

where DASi(λ) refers to the amplitude of the i-th exponential decay with the correspond-
ing transfer rate constant ki at the probe wavelength λ and M is the number of parallel
channels. The resulting amplitudes DASi(λ) are a function of the probe wavelength and
thus called decay-associated spectra (DAS) from which information about correlations
between different wavelengths, but for the same rate constant, can be deduced.

Contrary, in the case of a sequential model (confer Fig. 3.6b), the relaxation pathway
is stepwise from one intermediate state to another until the ground state is again reached
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Figure 3.6: Schematic illustration of two com-
monly utilized models for global analysis of
pump–probe data. In both models, the electronic
excitation (blue arrow) occurs from the ground
state |0⟩ to an excited state |1⟩. (a) The parallel
model consists of several (three in the depicted
case) independent exponential decays with cor-
responding rate constants ki. (b) In the case of
the sequential model, the decay occurs step wise
from one intermediate state to the other. Here,
from |1⟩ to |2⟩ with the rate constant k1, after-
wards from |2⟩ to |3⟩ with the rate constant k2

and with k3 finally back to the ground state.
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[202, 205]. Here, the underlying mathematic description is a set of coupled rate equations

dN1

dτ
= −k1N1 (3.2.4)

dN2

dτ
= +k1N1 − k2N2

...
dNi

dτ
= +ki−1Ni−1 − kiNi

where Ni denotes the population in state |i⟩ and ki the corresponding transfer rate con-
stant. This system of equations 3.2.4 can be solved for an arbitrary number of states,
yielding the population in state |i⟩ [202]

Ni(τ) =
i∑

j=1
bjie−kjτ (3.2.5)

where the coefficients bji can be calculated via

bji =
∏i−1
m=1 km∏i

n=1
n̸=j

(kn − kj)
(3.2.6)

and b11 = 1. Hence, a TA map could also be modeled by multiplying Eq. (3.2.5) with
wavelength-dependent amplitudes EASi(λ)

∆ODEAS(λ, τ) =
M∑
i=1

EASi(λ)Ni(τ). (3.2.7)
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Similarly to the parallel model, these amplitudes are called evolution-associated spectra
(EAS). The values EASi(λ) describe the corresponding spectrum of a state (or compart-
ment) which gets populated with the rate constant ki−1 and itself depopulates with the
rate ki. Here, no branching or back transfer is assumed which can be included, e.g., in a
so-called target analysis (see [202–204] for more details).

The models of Eqs. (3.2.3) and (3.2.7) hold in that form only if delta pulses [206]
are utilized. In an actual experiment the laser pulses have a finite temporal duration
and thus, the initial dynamics are influenced by that. To include this in the above
mentioned models, the defining equations [Eqs. (3.2.3) and (3.2.7)] are convolved with
a so-called instrument response function (IRF). Since the utilized laser pulses typically
exhibit a Gaussian-shaped temporal profile (see Sec. 2.1.1) the IRF can be represented
by a normalized Gaussian [206]

IRF(τ,∆t) =
2
√

2 ln(2)
√

2π
1

∆t
e− 4 ln(2)

∆t2 (τ−τ0)2
. (3.2.8)

Here, ∆t refers to the temporal duration of the pump pulse which can be determined as
described in Sec. 3.1.3 and τ0 is the time zero of the IRF which is typically fixed to τ0 = 0.
However, if the exact time zero is not known, or varies, e.g., in TA experiments with a
chirped probe pulse due to whitelight generation, the value τ0 is wavelength dependent
and thus can “correct” for the chirped probe [199].

3.3 Time-of-flight mass spectroscopy

In the previous section, transient-absorption spectroscopy has been introduced, where a
second (typically weaker) probe pulse monitors the effects induced by the pump pulse
in the liquid phase. This changes in the case of time-resolved mass spectroscopy where
the probe pulse is much more intense since its interaction with molecules triggers the
formation of ions in the gas phase. Nevertheless, the basic principle is again pump–probe
spectroscopy but this time not the absorption of the molecules under investigation but the
generated ions are the measurement signal. Hence, instead of the change in absorption
after excitation the change in the fragmentation pattern is observed.

The mass resolved-detection of ions is possible with several techniques like sector in-
struments, quadrupole mass filters, time-of-flight (TOF) detection, or ion traps [210, 211]
to mention the most prominent analyzing techniques. Within this work, the time-of-flight
approach was utilized and hence will be described in more detail. The great advantage
of TOF mass spectrometers is the synchronous detection of the masses of all generated
ions, which shortens the measurement period significantly. Furthermore, due to the com-
pact and rather simple design a reliable operation in the laboratory is possible. The
utilized reflectron time-of-flight (RETOF) mass spectrometer [210, 212] consists basically
of two separate vacuum chambers which are connected through a small hole as depicted in
Fig. 3.7. In the so-called acceleration chamber (left-hand side in Fig. 3.7), the molecular
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Figure 3.7: Vertical section view of the utilized RETOF spectrometer. The molecular beam and the
laser focus (propagating out of the drawing plane) are spatially overlapped in the interaction region.
Within the used apparatus, two sources for the molecular beam were installed. Either liquid samples,
contained in a glass syringe connected via a valve to the vacuum chamber, can be evaporated through
a nozzle into the interaction region (orange), or solid samples contained in a pipette, which can be
indirectly heated for evaporation, are used (green). The generated ions are extracted due to the applied
high voltages in the extraction unit. After passing the first drift region, the ions are reflected on the right-
hand side and guided onto the MCP detector while passing the second drift region (see also Fig. 3.8).
The low pressure in the vacuum chamber is achieved via two turbomolecular pumps (backed by a rotary
vane pump, not shown) and a liquid nitrogen gas trap. A more detailed description of the setup can be
found in Refs. [207–209]. Figure adapted from Ref. [209].

beam and the laser are spatially overlapped in the interaction region. Due to the interac-
tion of the femtosecond laser pulses parent ions, ionic fragments, and photoelectrons are
formed. The positively charged particles are accelerated and guided to the drift chamber
(right hand side of Fig. 3.7) through static electric fields. During that field-free path the
ions are neither accelerated nor decelerated. In the drift chamber, they are reflected in
the reflection unit and guided through a second field-free drift region to an ion detec-
tor consisting of multichannel plates (MCP). Both high-vacuum chambers are evacuated
with a separate turbomolecular pump (Varian Turbo-V300HT) which both are backed
by a rotary vane pump (Leybold D65BCS). Furthermore, also a liquid nitrogen trap (see
Fig. 3.7) is included between both vacuum chambers to remove condensible gas. Thus,
background pressures of < 1 × 10−7 mbar in the acceleration and < 5 × 10−8 mbar in the
drift chamber can be achieved after 5 to 6 hours of pumping. The pressures are detected
via cold cathode gauges (Varian Typ 525) and correspond to mean free paths of several
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kilometers which is more than a factor 1000 greater than the drift region.
The molecular beam in the interaction region can be generated in two different ways.

Either liquid samples or even solid samples, exhibiting a high vapor pressure, can be stored
in a reservoir outside the vacuum apparatus which is connected via a valve to a nozzle
within the acceleration chamber. The nozzle (size on the order of 100 µm) is located
just below the interaction region such that an effusive molecular beam is formed after
expansion through the nozzle as depicted in orange color in Fig. 3.7. Another option is to
evaporate samples which are crystalline at room temperature by indirect heating directly
in the vacuum chamber. For that, one can open the acceleration chamber (the pumps
need to be turned off and the chambers have to exhibit ambient pressure to be able to do
so) and a glass pipette filled with the sample crystals is placed directly behind the last
capacitor plate. The pipette is indirectly heated with a coil which surrounds the glass
and is supplied by a constant electric heating current. The temperature of the pipette
is detected with a K-type thermocouple (Thermocoax), read out by a PID temperature
controller (Eurotherm Typ 2132) which turns the heating current on and off. Hence, the
solid sample molecules are evaporated and travel through a small mesh in the center of
the last capacitor plate into the interaction region (green molecular beam in Fig. 3.7).

The basic principle of all mass spectrometers and thus also of the above described TOF
mass spectrometer is the separation of the generated ions by their mass-to-charge ratio
in electromagnetic fields. In this thesis, a RETOF mass spectrometer setup as depicted
in Fig. 3.8 which uses only electric fields is utilized. After the generation of ions in
the interaction region, the ions are accelerated in two different electric fields which are
realized by supplying the voltages U1 and U2 between the metallic capacitor plates (see
Fig. 3.8). This configuration corresponds to a linear two-stage TOF mass spectrometer
of Wiley-McLaren type [213]. With this arrangement it is possible to achieve a second-
order focusing of ions with the identical mass, but which were generated at different
spatial positions and thus exhibit different kinetic energies (symbolized as orange dots
in the bottom of Fig. 3.8). The focusing point, also called space focus, depends on the
applied voltages (U1, U2) and distances of the plates (x1, x2) [212, 214]. However, for
given distances, the voltage ratio is fixed and thus the distance from the last capacitor
plate to the space focus xf is also determined for perfect second-order focusing. Since the
resolution of a TOF mass spectrometer scales with the drift length [212, 214], a large value
of xWMF is desirable which can be achieved by increasing x1. However, if x1 is increased
too much, the electric field becomes inhomogeneous which decreases the mass resolution
of linear TOF mass spectrometers drastically. Hence, the introduction of a reflector (see
Fig. 3.8) as first proposed by Mamyrin [212] can improve the mass resolution significantly.
In principle, the spatial focus is mapped to the MCP detector which is located slightly
above the ion beam path (see Figs. 3.7 and 3.8) due to a slight tilt of the reflector unit.
Since the drift length is dramatically increased, the ions of the same mass (orange dots
in Fig. 3.8) reach the reflector unit at different times. In the first electric field (U3), the
ions are decelerated while the second field (U4) they are re-accelerated in the opposite
direction. Also the reflector unit has to obey the constraints for second-order focusing,
so that the distances x3 and x4 fix the voltage ratio [212, 214]. Since those ions with
the same mass but higher kinetic energies penetrate deeper into the reflector unit, the
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Figure 3.8: Schematic representation of the functionality of a reflectron time-of-flight (RETOF) mass
spectrometer. In the interaction region the laser focus is overlapped spatially with the molecular beam.
In the extraction region two electric fields with different strengths are applied between the three metal
plates. This corresponds already to the double-stage Wiley-McLaren TOF spectrometer [213]. Hence, at
one point (xWMF) in drift region I ions with the same mass but different kinetic energies (symbolized by
the orange dots) are focused at the same point. This point is mapped by the reflector, again consisting
of three metal plates, onto the MCP detector, as sketched in the bottom. Due to the slight tilt of the
reflector unit, the ions travel along the drift region II. Because of the longer drift distance, the mass
resolution can be increased by a factor of 10 compared to a simple Wiley-McLaren TOF spectrometer
[213].

differences in their time-of-flight are compensated. Thus, at the MCP detector they are
again focused and due to the longer drift length, mass resolutions of up to m

∆m ≈ 35, 000
can be realized [214].

The geometrical configuration of the capacitor plates is depicted schematically in
Fig. 3.8 and listed exactly in the first column of Tab. 3.1. With those parameters it
is possible to calculate the Wiley-McLaren space focus to xWMF = 128.8 mm and also the
optimal voltages which are listed in the third column of Tab. 3.1. A careful characteriza-
tion of the actual experimental setup leads to slightly different values for the voltages (see
last column of Tab. 3.1). The deviation can originate from electric field inhomogeneities
or the alignment of the MCP detector [215]. The achievable mass resolution with these
settings is m

∆m > 2000 at 170 amu.

As mentioned above, the actual measurement signal of the utilized RETOF mass spec-
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geometry parameter voltage optimal (theory) [V] applied [V]
x1 = 15 mm U1 910 900
x2 = 14 mm U2 1890 1900
x3 = 23 mm U3 1777 1568
x4 = 50 mm U4 773 762

Table 3.1: Geometrical parameters and voltages of the utilized RETOF mass spectrometer. The Wiley-
McLaren space focus xWMF = 128.8 mm is small compared to the total drift length (drift region I + drift
region II) which has a length of 1220 mm. The deviation of the theoretically calculated optimal voltages
to the applied voltages can be explained, e.g., by field inhomogeneities.

trometer is the time-of-flight of the generated ions

t = p

√
m

q
(3.3.1)

which is directly proportional to the square root of the mass m to charge q ratio of the ions,
with the proportionality constant p. The drift length and voltages of the RETOF appa-
ratus are chosen such that the time-of-flight is several tens of microseconds. This has two
advantages: first, the time-of-flight can be measured electronically rather easy with a mul-
tiscaler card (FAST ComTec P7886S) and it is well below the 1 ms time interval between
two subsequent laser shots of the utilized laser system (confer Sec. 3.1.1). Since every
laser shot is able to generate ions it is thus possible to record the TOF data at 1 kHz rate.
This can be achieved by using the Pockels cell trigger of the laser system as start trigger
and the MCP signal as stop trigger of the multiscaler card. However, the statistics of the
ionic fragments generated from one laser shot is not that high, hence several subsequent
laser shots are used for averaging. Therefore, a time-resolved pump–probe measurement
of mass spectra with the RETOF spectrometer is conducted as follows. The femtosecond
pump and probe beams are weakly focused collinearly with a lens (f = 250 mm) to the
interaction region of the RETOF spectrometer. The relative delay between pump and
probe is adjusted with a computer-controlled delay stage. Then the data recording with
the multiscaler card is started for typically several thousands of subsequent laser shots
(for a fixed pump–probe delay). Then, the delay stage is moved to the next position and
the recording of another TOF spectra is started.

With this approach TOF spectra for every pump–probe delay are collected. To convert
these spectra to mass spectra a calibration is necessary, i.e., the proportional constant p
in Eq. (3.3.1) has to be determined. This is possible by recording probe-only mass spectra
of a known sample with known mass spectrum, e.g., acetone. Hence, by comparing the
TOF spectrum with the mass spectrum of the literature a calibration is possible. Thus,
the result of a time-resolved measurement of generated photofragments is again a three-
dimensional dataset, comparable to TA data. Hence, its analysis is also possible with the
techniques introduced in Sec. 3.2.2.
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Chapter 4

Developed experimental techniques
While the above introduced experimental preliminaries are commonly utilized in the lab-
oratory, this chapter deals with time-resolved chirality-sensitive spectroscopy techniques
which were developed in the course of the work presented in this thesis. In Sec. 4.1 the
functional principle of a rapid polarimeter is introduced as it was utilized for the results
presented in Chapters 7 and 8. It detects the optical rotatory dispersion while the last
presented technique is capable of probing circular dichroism. However, the polarization
mirroring setup (Sec. 4.2) is not only limited to recording time-resolved circular dichro-
ism spectra as shown in Chapter 9. Since every polarization state of an ultrashort laser
pulse can be mirrored, also anisotropy spectroscopy or quantum control applications are
possible future applications. The results presented in Sec. 4.1 were published in Ref. [1].

4.1 Optical rotation accumulative spectroscopy

In the previous chapter two very helpful tools to investigate ultrafast photochemistry in
the liquid or the gas phase were introduced. However, both do not deliver a chirality-
sensitive measurement signal in the introduced realization. Since a major part of this work
is dedicated to the study of chiral photochemistry, other probes are necessary. As already
described in Sec. 2.4.3 the two common optical techniques to characterize chiral substances
are optical rotation dispersion (ORD) and circular dichroism (CD). The former is utilized
in a technique which was developed in the scope of this work, namely optical rotation
accumulative spectroscopy. Basically, this is a combination of femtosecond accumulative
spectroscopy introduced by Langhojer and co-workers [216] and a further development of
a heterodyne interferometric polarimeter introduced by Lee and co-workers [217]. Hence,
both techniques will be detailed in the following two subsections before the operation of
the combined apparatus is described.

4.1.1 Femtosecond accumulative spectroscopy

The aim of absorptive spectroscopy techniques like transient absorption is to study pho-
tochemical reactions upon laser irradiation. Besides the study of the relaxation of excited
states also the identification of photoproducts (confer Sec. 3.2.1) is an important aspect
of femtochemistry. Especially for applications in chemical synthesis or for purification
purposes, photochemical reactions with permanent photoproducts, e.g., due to photoiso-
merization, are important. However, those reactions are likely to exhibit a rather low
quantum efficiency such that transient absorption might not be able to detect those
photoproducts. Thus Langhojer and co-workers introduced femtosecond accumulative
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4.1 Optical rotation accumulative spectroscopy 69

spectroscopy [216, 218] to tackle those situations by improving the sensitivity as will be
described in the following.

Accumulation principle

Similar to transient absorption, the measurement signal in accumulative spectroscopy
is the change in absorption ∆OD. As mentioned in Sec. 3.2.1, in transient absorption
experiments the sample volume is exchanged after one pump and one probe pulse have
interacted with the sample volume. Thus, in TA experiments N subsequent measurements
for the same pump–probe delay are performed to increase the signal-to-noise ratio. The
standard deviation of the measured absorption change ∆OD

σ∆OD =
N∑
i=1

σi,∆OD√
N

(4.1.1)

scales thus with the inverse of the square root of the number of independent measurements
N . Here, σi,∆OD refers to the standard deviation of the i-th measurement. For common
TA experiments N ranges from several hundred to thousands.

On the other hand, in the case of accumulative spectroscopy the basic idea is the
interaction of several subsequent pump pulses with the same sample volume and thus
measuring the outcome of several photochemical reactions. Under the assumption that
no saturation effects are existent the absorption change after accumulation

∆ODACC = N∆OD (4.1.2)

scales linear with the number of single experiments N . By inserting Eq. (4.1.2) into
Eq. (4.1.1) it becomes obvious, that the standard deviation in the case of accumulative
spectroscopy scales with the inverse of N

σ∆OD,ACC =
N∑
i=1

σi,∆OD,ACC

N
. (4.1.3)

Hence, the application of accumulative spectroscopy for photochemical reactions with low
quantum yields is apparent.

However, the scheme has not only advantages compared to the conventional transient-
absorption technique but also some limitations. First of all, the need of a permanent
photo product, or at least a product with a lifetime which is significantly longer than
the total acquisition time of an accumulative experiment, is evident. Secondly, the linear
relationship in Eq. (4.1.2) holds only if the quantum efficiency of product formation is
small and if the main portion of the excited reactants in the sample volume relax back to
their electronic ground state between two subsequent pump pulses. Third, the temporal
resolution is rather low, since the probing takes place after several pump pulses. This
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Figure 4.1: Schematic illustration of the ex-
perimental setup for accumulative spectroscopy
according to [216]. The femtosecond laser pulses
(red beam) and the CW probe light (green beam)
are focused onto the same spot in the glass cap-
illary containing the sample. While the fs pulses
are blocked after the sample, the probe light is
recorded with a photodiode. A fresh sample solu-
tion can be brought into the capillary by moving
the stepper motor which pushes the piston of a
glass syringe stepwise forward. Since the pump
beam can be blocked with a mechanical shutter
the absorption before and after illumination can
recorded to calculate the absorption change after
irradiation. Figure adapted from Ref. [219].
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opens however the possibility of probing with CW laser light, which does not suffer from
pulse-to-pulse fluctuations [200, 201], and thus can be advantageous. Furthermore, it
is possible to illuminate the sample longer with the CW probe to average over more
measured data points which again lowers the detection error. Also, by applying double
pulses with variable relative delay, also femtosecond time resolution is possible as will
be shown in Chapter 7. Finally, one major drawback are diffusion processes which have
to be considered carefully in the accumulative approach. While in conventional TA the
sample is exchanged between subsequent elementary experiments typically by pumping
the sample through a flow cell (confer Sec. 3.2.1) the diffusion in and out of the illuminated
volume is crucial in the accumulative scheme. Thus, the apparatus has to be calibrated
carefully as will be explained after introducing the experimental setup.

Experimental realization

The experimental configuration of accumulative spectroscopy is illustrated in Fig. 4.1.
Similar to TA spectroscopy pump (red beam in Fig. 4.1) and probe (green beam) are
spatially overlapped in the sample. In this case, instead of using a flow cell a glass
capillary with a square cross section of 250 × 250 µm2 is employed. The square cross
section ensures that there are no aberrations when focusing the beams into the capillary.
The femtosecond laser beam is focused weakly in the capillary, leading to a diameter
approximately equal to the width of the capillary. In addition, the pump beam can
be blocked with a mechanical shutter before passing the sample. This gives the ability
to control the exposure time, i.e., regulating the number of pulses from the pump laser
impinging upon the sample. The CW probe beam from a stable source (e.g., a laser diode)
is focused to a smaller diameter than the cross section of the glass capillary to probe the
photoproducts with a photodiode. The smaller diameter of the probe beam is important,
to ensure that it only impinges on the part of the sample where the photoreaction was
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induced. As shown in Fig. 4.1, this can be achieved with a pinhole of 100 µm diameter,
imaged 1:1 into the sample volume. The measurement cycle starts by pushing the plunge
into the glass syringe with the help of a computer-controlled stepper motor (see Fig. 4.1)
to bring fresh sample solution into the capillary. Then, the intensity of the CW light
passing the sample is recorded, which constitutes I0 in the Beer-Lambert law [confer
Eq. (2.4.20)]. Afterwards the mechanical shutter is opened and the fs laser pulses irradiate
the sample, for a precisely defined irradiation time, to trigger the photoreaction. After
closing the shutter again, the intensity of the CW light passing the sample is measured
again thus delivering the intensity value I to calculate the absorption change following the
Beer-Lambert law. After this measurement cycle the sample solution is again exchanged.
Since the inner diameter of the glass syringe is about 4.8 mm, moving the stepper motor
by 1 µm translates the sample solution by ≈ 290 µm in the capillary which would be
sufficient to move the solution by a full pump beam diameter. Nevertheless, typically the
stepper motor is moved by 3 to 5 µm to ensure that solely unirradiated molecules are
investigated.

Calibration

As mentioned before, the calibration of the accumulative setup is crucial to obtain quan-
titative results. Due to diffusion processes within the capillary during the irradiation with
a femtosecond pulse train the absorption change detected by the CW probe must take
these effects into account. This is reasonable since the diffusion laws of Fick [90] show that
the diffusion time increases quadratically with the distance. Since the irradiation time is
on the order of seconds and the utilized capillary has a length of 6 mm and its quadratic
cross section an inner edge length of 250 µm diffusion sets in during the irradiation and
continues after the irradiation. Hence, by assuming that the capillary can be described as
closed system with a concentration gradient after the first fs pulses, this gradient might
already vanish until the end of the fs pulse train.

For an exact modeling one has to apply the second law of Fick [90] which describes the
three-dimensional diffusion of a space- and time-dependent concentration c(r, t) with a
differential equation of the form

∂c(r, t)
∂t

= ∇ · (D∇c(r, t)) . (4.1.4)

Here, D refers to the diffusion constant (equal in all three spatial directions) and ∇
is the Nabla operator acting on the spatial coordinate r. Since the intensity of the fs
laser pulses is also spatial-dependent (confer Sec. 2.1.3) the description gets even more
complicated. However, even without considering the Gaussian spatial intensity profile of
the pump pulses Eq. (4.1.4) is only solvable analytically in special cases [220]. Hence,
Langhojer and co-workers [216] introduced a simpler rate model to describe the diffusion
in the utilized capillary which will be introduced in the following.

In that rate model, the intensity distribution of pump and probe beam are neglected.
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Figure 4.2: Simulated data following the as-
sumed model for the calibration procedure.
Three time windows as indicated by the black
vertical lines occur. Before irradiation (blue),
the absorption does not change, hence ∆OD = 0.
During the irradiation (red), the reactant is
bleached which results in a negative absorption
change while after the irradiation (green) diffu-
sion leads to a partial recovery. The inset shows
the definitions of the pump and probe volume
of the model. The probe volume (yellow) is ir-
radiated by the probe light, whereas the pump
volume (light blue) is irradiated with the pump
light. The surrounding volume (light red) is as-
sumed to be infinitely large. During irradiation a
reactant concentration gradient is created, lead-
ing to diffusion processes, which can be described
quantitatively by rate equations [216]. Figure
taken from Ref. [1].
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Hence, the model assumes three sub-volumes in the capillary. In each volume the relevant
quantity for an absorption experiment is the concentration c [confer the Lambert-Beer
law in Eq. (2.4.20)].

• pump volume [cpu(t)]: The sample sub-volume that is irradiated by the fs pump
pulses (light blue in the inset of Fig. 4.2).

• probe volume [cpr(t)]: The sample sub-volume that is probed with the CW probe
beam (yellow in the inset of Fig. 4.2). The probe volume is contained within the
pump volume.

• surrounding volume [c0(t)]: The sample sub-volume that is not irradiated with
either pump or probe (light red in the inset of Fig. 4.2). This concentration equals
the initial concentration of the reactant in the capillary and sample syringe. This
volume is assumed to be infinitely large so that the concentration of this volume
does not change with the irradiation.

The diffusion rates between these sub-volumes are named accordingly. Between pump
and probe volume the diffusion is described by the rate dpr, while the surrounding and
the pump volume are connected via dpu (see inset of Fig. 4.2). Furthermore, the rate
model divides an accumulative experiment in three steps.

• waiting time (t < 0): Before irradiation with fs pulses, the capillary is flushed
with fresh sample and thus in all three sub-volumes the concentration is equal to
c0. Hence, the relation

cpu(t ≤ 0) = cpr(t ≤ 0) = c0. (4.1.5)
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• irradiation time (0 < t ≤ τ): During the irradiation with fs pulses, starting at
t = 0 and lasting until t = τ the concentration of pump and probe sub-volume are
equal

cpu(0 < t ≤ τ) = cpr(0 < t ≤ τ), (4.1.6)

hence we describe the change only in the pump volume. Due to exposure with
fs pulses, the concentration in both volumes is decreased. The magnitude of this
effect depends on the concentration itself, as well as on the conversion efficiency η
which can be understood as the number of converted reactant molecules per unit
time. Furthermore, the concentration in the pump volume is changed via diffusion
into the unirradiated surrounding volume. Hence, the total evolution of the pump
(and probe) volume during the irradiation time can be described with a differential
equation of the form

dcpu(t)
dt

= dpu [c0 − cpu(t)] − ηcpu(t). (4.1.7)

• diffusion time (t > τ): After the irradiation pump and probe volume behave
differently. Hence, diffusion between the surrounding and the pump volume

dcpu(t)
dt

= dpu [c0 − cpu(t)] , (4.1.8)

as well as between the pump and probe volume

dcpr(t)
dt

= dpr [cpu(t) − cpr(t)] , (4.1.9)

persists.

The solution of the coupled differential equations (4.1.7),(4.1.8), and (4.1.9) with the
starting conditions defined in equations (4.1.5) and (4.1.6) is [62, 216]

cpr(t, τ) = c0 ×



1 t < 0
dpu+η exp [−(dpu+η)t]

dpu+η 0 ≤ t ≤ τ
dpu exp [dpr(τ−t)−(dpu+η)τ ]{−1+exp [(dpu+η)τ ]}η−dpu(dpu+η)

(dpr−dpu)(dpu+η)

+dpr(dpu+{1−exp [dpu(τ−t)]+exp (−dput−ητ)}η)
(dpr−dpu)(dpu+η) t > τ

. (4.1.10)

For a set of typical parameters the absorption change ∆OD (which is directly pro-
portional to the concentration change) observed during an accumulative experiment is
presented in Fig. 4.2. Before irradiation (blue part in Fig. 4.2) the concentration, i.e., the
absorption, does not change. During illumination (red part), the reactant concentration
decreases until the exchange with the surrounding outer volume compensates for the ir-
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radiation process, such that the signal level saturates (after t ≈ 2 s). After irradiation
at t = τ = 3 s in Fig. 4.2 (green) the diffusion of reactant molecules from the outer
volume through the pump volume into the probe volume leads to an increase of reactant
concentration and thus to a partial recovery of the absorption change.

From the simulated data in Fig. 4.2 it becomes clear that even several seconds after
stopping the irradiation a signal can be measured. However, to know the exact magnitude
of the concentration change the difference between cpr(t) and c0 is decisive. The exact
value can however only be revealed if the diffusion rates dpu and dpr are known. Hence,
to be able to perform a quantitative analysis of accumulative experiments an appropriate
calibration of the setup is needed. Since the diffusion rates are dependent on the exact
alignment (beam spot size, spatial overlap between pump and probe) as well as the solvent
it has to be performed whenever these parameters are changed.

4.1.2 Common-path optical heterodyne interferometric polarimetry

The investigation of chiral substances with polarimeters reaches back to the discovery of
chirality in molecules. Since then a common technique to identify the rotatory power
of molecules is based on Malus’ law [50]. An optically active sample is put between two
polarizers with parallel optical axes. If light travels through such an optical system the de-
crease in intensity after the second polarizer scales with the rotatory power of the sample
(see Sec. 2.4.3). For large optical rotation angles this approach is sufficient and can achieve
resolutions up to 150 mdeg1 within a measurement time of some milliseconds [221]. Higher
resolutions are nevertheless possible [222–225] but at the expense of longer measurement
times and increased optical path lengths. Even modern commercially available polarime-
ters are based on Malus’ law and achieve a resolution on the order of 0.1 mdeg but again
the increase in resolution is caused by higher averaging and longer optical path lengths
[226]. This is reasonable since typically stationary products are observed. However, for
applications involving ultrashort laser pulses short optical path lengths are necessary in
order to achieve sufficient intensities for performing nonlinear experiments with high time
resolution.

Another approach to measure optical activity is the translation of a rotation of the
polarization vector into a phase difference which can be detected very fast with high
precision. This method is called optical heterodyne interferometric polarimetry and was
introduced some decades ago [227, 228]. The basic idea is to split up a CW laser beam
with a polarizing beam splitter and thus only one polarization component interacts with
the chiral sample. By recombining both beams with an identical polarizing beam splitter,
the phase imprinted in the resulting interferogram is proportional to the rotatory power.
Although the achievable optical rotation resolutions could be pushed even below 0.1 mdeg
[217, 229] the drawback is the need of an interferometric setup. Due to vibration of
optical elements the phase noise limits the optical rotation resolution [230]. Hence, the
introduction of common-path optical heterodyne interferometric polarimetry pushed the
1For clear presentability, throughout this work all optical rotations are presented in the unit deg for
degrees, or mdeg for milli-degrees
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Figure 4.3: Schematic representation of the polarimeter setup. The beam of a CW laser diode (LD)
travels along the z direction. It is linearly polarized +45◦ relative to the x axis. One component of this
polarization is retarded by an electro-optical modulator (EOM) driven by an amplified (HVA: high-voltage
amplifier) sawtooth voltage from the function generator (FG). This modulation changes the polarization
state of the light continuously. Subsequently the light passes the optical active sample [S(α)]. Afterwards,
a variable wave plate (VWP) of Berek-type with its optical axis oriented parallel to the first polarizer
is used to translate the optical rotation angle α of the chiral sample into a phase difference between the
intensity modulation after the analyzer (AN) and the driving voltage of the electro-optical modulator
(EOM) measured by a photodiode (PD). This phase difference is measured with a lock-in amplifier (LIA)
to obtain the optical rotation angle α. Figure taken from Ref. [1].

resolution even lower and made the setup of such polarimeters more compact [217, 231,
232]. The setup utilized in the course of this work is based on the setup of Lee and
Su [217] and was modified and improved to meet the requirements of applications with
femtosecond accumulative spectroscopy.

The common-path optical heterodyne interferometry principle has been shown in detail
by Lee and Su [217]. In contrast to their original setup, the quarter-wave plate in front of
the sample is omitted since the utilized implementation lacks a reference beam. Instead,
the internal electronic reference of the lock-in amplifier is used for higher precision. This
leads to changes both in the relative orientations (all given relative to the x axis, see
Fig. 4.3) of the utilized optical elements (see Fig. 4.3) and in the Jones matrix calculation
(confer Sec. 2.3.2). Nevertheless, a similar sinusoidal measurement signal can be derived,
as shown below. The z axis is chosen along the propagation direction of the light and the x
axis along the vertical direction (see Fig. 4.3). With Ein representing the linearly polarized
light at 45◦ (due to the polarizer P in Fig. 4.3), EOM(ωt) representing the electro-optical
modulator (EOM) oriented at 0◦ driven by a sawtooth voltage with angular frequency ω
and amplitude π, S(α) representing the sample that rotates linearly polarized light by the
angle α, VWP(δ, 45◦) representing the variable wave plate of Berek-type with retardation
δ oriented at 45◦ and AN representing the analyzer at 90◦, the Jones vector of the light
detected by the photodiode (Eout) becomes:

Eout = AN · VWP(δ, 45◦) · S(α) · EOM(ωt) · Ein. (4.1.11)

The Jones matrix of the sample S(α) consists of the active 2D rotation matrix [12]. Before
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and after the VWP the coordinate system is rotated by an angle β = 45◦ with the passive
rotation matrix Rot [β] to include the orientation of the VWP at 45◦ relative to the x
axis. Eout then becomes

Eout =
(

0 0
0 1

)
Rot[−45◦]

 exp
(
iδ
2

)
0

0 exp
(

−iδ
2

) Rot[+45◦]

×
(

cos(α) − sin(α)
sin(α) cos(α)

) exp
(
iωt
2

)
0

0 exp
(

−iωt
2

)  1√
2

(
1
1

)
. (4.1.12)

Thus, the signal Iout detected by the photodiode is

Iout = |Eout|2 = 1
2

[1 + sin(2α) cos(δ) cos(ωt) + sin(δ) sin(ωt)] , (4.1.13)

which can be transformed into the sinusoidal form

Iout = 1
2

[1 + A sin(ωt+ ϕ)] (4.1.14)

with the help of the relation

a sin(ωt) + b cos(ωt) =
√
a2 + b2 sin

[
ωt+ arctan

(
b

a

)]
, (4.1.15)

where a = sin(δ) and b = sin(2α) cos(δ) [12]. Thus, the amplitude A and the phase ϕ in
Eq. (4.1.14) can be described through

A =
√
a2 + b2 =

√
sin2(δ) + [sin(2α) cos(δ)]2 , (4.1.16)

ϕ = arctan
(
b

a

)
= arctan

[
sin(2α)
tan(δ)

]
. (4.1.17)

Equation (4.1.15) is only exact if a is positive, which is true for the used case δ = 2.3◦.
This value δ for the retardation setting of the VWP is found to be optimal, as shown in
Sec. 4.1.4. The value for ϕ in Eq. (4.1.17) can then be transformed into

α = 1
2

arcsin [tan(δ) tan(ϕ)] (4.1.18)

to reveal the optical rotation α of S(α) with the retardation δ known. The adjustment of
the retardation setting was done experimentally by measuring the signal amplitude A [see
Eq. (4.1.16)], with no sample in the capillary (α = 0), for different values for δ. Thus, one
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Figure 4.4: Schematic representation of the relation between the polarization state generated by the
electro-optical modulator and the applied voltage. The polarization changes with the phase of the saw-
tooth voltage driving the EOM. (a) Voltage timing diagram of the applied EOM voltage. The maximal
amplitude of the voltage pattern equals twice the half-voltage Uλ/2 (see left axis). This transfers directly
to different polarizations states which can be either described by the phase difference ρ [Eq. (2.3.6)] or the
ellipticity ϵ [Eq. (2.3.14)]. (b) Pictorial representation of the polarizations during the modulation, which
can be described by a circling on the Poincaré sphere at θ = | π

4 | (compare Fig. 2.5). Figure adapted from
Ref. [61].

can set the value for the retardation to δ = (2.3 ± 0.2) ◦. Other values are also possible
if desired.

Besides this mathematical derivation, also an intuitively accessible description of the
working principle of the polarimeter is possible. If one would combine the variable wave
plate and the analyzer into one optical element it would be a polarizer oriented at 45◦

relative to the x axis. Hence, the EOM and the sample are placed between two polarizers
with parallel optical axes. In the case that the EOM is turned of, no change in the
polarization state is achieved and thus only the sample would rotate the polarization
plane. As in the “classic” polarimeters mentioned above, this rotatory power would lead
to an intensity decrease after the analyzer. To translate the intensity change into a phase
change the EOM is now driven with a sawtooth voltage as depicted in Fig. 4.4. The
voltage pattern is transfered to a circling on the Poincaré sphere, hence every ellipticity
is achieved. The intensity after the analyzer is thus modulated with a sine (or cosine)
function as only a one dimensional projection of the polarization state can pass through.
Hence, the modulation frequency of the sawtooth voltage applied to the EOM equals the
frequency of the sinusoidal signal after the analyzer. If now the sample adds a rotation
of the polarization plane, this translates to a change in the phase of the sinusoidal signal.
The variable wave plate is however very important for the case of an achiral sample. In
this case (α = 0) no oscillating signal would be detected if δ = 0, i.e., if the VWP would
be left out.

The lock-in amplifier (LIA) detects this sinusoidal signal Iout in Eq. (4.1.14) for a
period of time (lock-in amplifier time constant TLIA) and determines the amplitude A
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[Eq. (4.1.16)] and the phase ϕ [Eq. (4.1.17)]. The phase is thereby detected relative to a
reference sine oscillation. This reference can either be provided by an external signal or
be internally generated. We chose the internal reference due to the higher precision of the
values for A and ϕ compared to the values with external reference [233].

If the phase of the signal would be zero for zero optical rotation, one could directly
replace ϕ in Eq. (4.1.18) with the measurement value from the lock-in amplifier to obtain
α. However, due to the absence of a reference beam with known absolute phase it is only
possible to measure a phase change ∆ϕ. Hence, it is necessary to define a phase change
∆ϕ relative to a reference phase ϕ0, e.g., measured before the chiral sample is inserted,

∆ϕ(t) = ϕ(t) − ϕ0, (4.1.19)

with the phase value ϕ(t) determined by the lock-in amplifier at time t. Since one typi-
cally encounters only small optical rotation angles α, the application of the small-angle
approximation to all terms dependent on α in Eqs. (4.1.17) and (4.1.18) is possible, with
Eq. (4.1.17) then becoming ϕ ≈ 2

tan(δ)α. The phase change ∆ϕ is then related linearly to
an optical rotation change ∆α. For α = 0.1 deg = 100 mdeg the error in the phase ϕ in
Eq. (4.1.17) due to the small angle approximation is 0.5 ‰ with δ = 2.3◦ as used in the
presented experiments. Hence, it is possible to define the “angle amplification” k as

k = 2
tan(δ)

, (4.1.20)

which describes the factor between the optical rotation α and the phase ϕ detected by
the lock-in amplifier. Equation (4.1.18) then becomes αk ≈ ϕ.

If now a measurement of a phase difference ∆ϕ is considered, one can exploit this linear
relationship of ϕ with α [Eq. (4.1.20)] to obtain an optical rotation change ∆α. With
a phase ϕ0 corresponding to a known optical rotation α0, e.g., the phase difference for
an achiral solvent corresponding to α0 = 0 deg, one can directly calculate the absolute
optical rotation to α = α0 + ∆α, which corresponds to the steady-state measurement
value of commercial devices.

4.1.3 Experimental configuration and data acquisition

After introducing the two key components of optical rotation accumulative spectroscopy,
femtosecond accumulative spectroscopy in Sec. 4.1.1 and common-path optical heterodyne
interferometric polarimetry in Sec. 4.1.2, this section is dedicated to describe the appli-
cability of the combination of both techniques to detect optical rotation changes. Thus,
in the following the combined experimental setup is described and furthermore how the
data is acquired. Finally, also the instrument response and the obtainable optical rotation
resolution will be discussed.
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Figure 4.5: Sketch of the setup for optical ro-
tation accumulative spectroscopy. Three beams
are spatially overlapped in the capillary to record
the linear absorption (red) as well as the opti-
cal rotation (blue) before, during, and after illu-
mination with femtosecond laser pulses (purple).
For the two probe beams CW light is utilized.
For the polarimeter beam (blue) a laser diode at
405 nm is utilized, while for the linear absorp-
tion a xenon flash lamp is used. Figure taken
from Ref. [1].

Experimental Setup

The integration of the common-path optical heterodyne interferometric polarimeter into
the setup for femtosecond accumulative spectroscopy is shown in Fig. 4.6. In this setup
the sample is contained in a capillary (250 µm path length, cytometry cell, Hellma GmbH)
shown as the central element in which three beams are spatially overlapped. The pump
beam (purple beam in Fig. 4.6) consisting of femtosecond laser pulses originating from the
laser system described in Sec. 3.1.1 and converted to a spectral range (confer Sec. 3.1.2)
as applicable to the molecular system under investigation. The femtosecond pulses are
focused weakly into the capillary resulting in a beam diameter of 200 µm. The pump
beam can be blocked by the “pump shutter” before interacting with the sample volume.
The time of shutter opening and closure is precisely determined relative to the lock-in
amplifier data acquisition with a photodiode (pump PD, Thorlabs, DET10A/M), that
detects the pump beam after passing the capillary. The linear absorption spectrum is ob-
tained with very weak xenon flash-lamp pulses (Hamamatsu Photonics, L9455-11) acting
as probe light which is also weakly focused to a diameter of 120 µm (red beam in Fig. 4.6).
The probe light is recorded with a spectrometer (Ocean Optics, HR2000+). The sample
solution can be exchanged via a glass syringe and a stepper motor (Zaber, KT-LA28A).
Besides these components which establish a setup for femtosecond accumulative absorp-
tion spectroscopy as introduced in Sec. 4.1.1 another beam is included. This polarimeter
beam (blue in Fig. 4.6) originates from a temperature-controlled, pigtailed laser diode
(LD, Thorlabs, LPS-406-FC) at 405 nm which passes a thin-film polarizer (P, Codixx,
colorPol UV405BC4) oriented at 45◦ relative to the x axis. An electro-optic modulator
(EOM, Linos Photonics, LM0202) modulates the linearly polarized light with a sawtooth
voltage (frequency: 14.5 kHz) generated by a function generator (FG, Thurlby Thandar
Instruments, TG4001) and amplified (40×) by a high-voltage amplifier (HVA, FLC Elec-
tronics, A400DI) to twice the half-wave voltage of the used EOM. Afterwards, the light is
focused (beam diameter: 30 µm) into the sample. Then, a variable wave plate of Berek-
type (VWP, New Focus, Model 5540), with its optical axis parallel to the polarizer (P),
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Figure 4.6: Schematic representation of the
measurement procedure. The repetition rate of
the pump pulses (trigger of the Pockels cell at
1 kHz) is depicted at the top. The sampling clock
which is generated by the computer which con-
trols the measurement and which is also used for
data saving is shown below. The pump shutter
behavior and the associated detected signal of
the pump photodiode (pump PD, see Fig. 4.5)
are shown in the two lower lines. The time axis
with dedicated time points and the measurement
steps labels is presented at the bottom. Figure
taken from Ref. [1].
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is passed before the analyzer (AN) is reached. The analyzer is a Wollaston prism (AN,
Thorlabs, WP10), oriented at 45◦ relative to the polarizer (P), hence it is oriented par-
allel to the y axis and only one of its two output beams is analyzed. The resulting light
intensity is detected with a photodiode (PD, Hamamatsu Photonics, S1337-33BQ). The
phase of this signal is determined by a lock-in amplifier (LIA, Stanford Research Systems,
SR830 DSP [233]).

Hence it is possible to detect the linear absorption change ∆OD as well as the opti-
cal rotation change ∆α upon femtosecond laser irradiation simultaneously. As will be
presented in the following paragraph, both probes will be recorded during the complete
measurement, i.e., before, during, and after irradiation. This requires a different data
acquisition approach than the one for the femtosecond accumulative spectroscopy (confer
Sec. 4.1.1).

Data acquisition

The measurement cycle for optical rotation accumulative spectroscopy consists of the
four steps depicted at the bottom of Fig. 4.6. In the first step, “move stepper motor”
(t < −1.5 s), a new sample volume is pushed from the glass syringe into the capillary with
the help of the stepper motor. The following three steps correspond to the three time
periods which were introduced for the calibration of the accumulative spectroscopy (see
Sec. 4.1.1). At t = −1.5 s, the start of the “waiting” step (−1.5 s < t < 0 s), the data
acquisition for the polarimeter, the linear absorption probe and the pump photodiode
starts. Synchronization of these data acquisition hardwares (polarimeter: lock-in ampli-
fier; linear absorption probe: spectrometer; pump photodiode: ADC card) is achieved by
one “sampling clock” shown in the second line of Fig. 4.6. This sampling clock is simu-
lated by a computer that generates trigger events with a given rate (within the scope of
this work either 50 Hz or 100 Hz are used). Acquisition of one data set from all hardwares
is triggered by one trigger event of the sampling clock.

At the start of the “exposure” step (t = 0 s) the pump shutter is opened. The first
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Figure 4.7: Detected phase of the used lock-
in amplifier after applying a sine function that
abruptly changes its phase and amplitude at
t = 4 s. The experimental data, sampled at
100 Hz, is shown in crosses for different lock-in
amplifier time constants TLIA (red: 10 ms, green:
30 ms, blue: 100 ms). The response gets slower
for increasing time constants, as expected due to
the sliding window Fourier analysis of the lock-
in amplifier. Equation (4.1.22) was used for the
fitting procedure (solid lines) resulting in the val-
ues presented in Table 4.1. With the instrument
response at hand it is possible to deconvolve the
experimental data which gives access to the pure
sample response. Figure taken from Ref. [1].

femtosecond pulse that hits the sample is detected by the pump photodiode as shown
in the fourth line of Fig. 4.6 and that time is taken as the first “fix time point” later
on. During the exposure step (0 s < t < 3 s) the sample is irradiated with the 1 kHz
femtosecond pump pulse train shown at the top of Fig. 4.6. Closure of the pump shutter
marks the start of the “diffusion” step (at t = 3 s). Similar to the start of the exposure step
the first pulse that is blocked by the pump shutter is detected by the pump photodiode
and taken as the second fix time point. In the diffusion step (3 s < t < 6.5 s) the sample
is no longer irradiated by femtosecond pump pulses and only diffusion takes place. To
achieve higher resolution for the optical rotation detection as well as the linear absorption
spectrum, this cycle is repeated up to five times and the single measurement curves are
averaged. For this averaging, shutter timing jitter can be corrected because the two fix
time points of shutter opening and closure as detected by the pump photodiode are known.

Instrument response

In contrast to the conventional absorption measurement of femtosecond accumulative
spectroscopy, the optical rotation change is monitored throughout the complete measure-
ment cycle described before. Hence, like in the case of the data analysis for transient-
absorption measurements (confer Sec. 3.2.2) the instrument response is of great impor-
tance. The lock-in amplifier utilizes a sliding window Fourier analysis [233–235], to deter-
mine the value for the amplitude A and phase ϕ of the signal collected during t−TLIA → t,
where TLIA refers to the lock-in amplifier time constant. Since the exact measurement of
amplitude and phase of a rapidly changing signal is not the intended purpose of a lock-in
amplifier, the response function was measured experimentally. Hence, an electronic signal
which changes the phase and the amplitude of a sine function at a given point in time
was generated and the time-resolved phase and amplitude change was measured with the
utilized lock-in amplifier (Stanford Research Systems, SR830 DSP).
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LIA time constant TLIA [s] 0.010 0.030 0.100 relation with TLIA

delay m [s] 0.0325 0.0801 0.2480 ≈ 2.4 TLIA + 0.0084 s
variance b1 [s] 0.0075 0.0238 0.0805 ≈ 0.8 TLIA

variance b2 [s] 0.0280 0.0842 0.2776 ≈ 2.8 TLIA

Table 4.1: Results of the fitting procedure of the response of the lock-in amplifier presented in Fig. 4.7.
The fit reveals a linear relationship for all parameters m, b1, and b2, with respect to the lock-in-amplifier
time constant TLIA as indicated by the equations in the last column.

The detected waveform is thus a convolution of the instrument response function RLIA
with a step function Θ(t), since in the case of an infinitely fast response a step function
would be observed. By contrast, a delayed and smoothed rise for different lock-in amplifier
time constants are observed as shown in Fig. 4.7. The collected data suggest the instru-
ment response to be an asymmetric Gaussian function, i.e., a skew normal distribution
[12], consisting of two moieties with different widths

RLIA(t) = 2F√
2π(b1 + b2)

{
Θ(m− t) exp

[
−(t−m)2

2b2
1

]
+ Θ(t−m) exp

[
−(t−m)2

2b2
2

]}
.

(4.1.21)
Here, F represents the area under the curve of the asymmetric Gaussian-shaped function
RLIA(t), the b2

i indicate the Gaussian variances for each side, m is the position of the max-
imum of RLIA(t) and Θ is the Heaviside step function. The convolution of the asymmetric
Gaussian RLIA(t) in Eq. (4.1.21) with a step function is given by the integration

ErfLIA(t) = 2√
π

t∫
−∞

RLIA(x)dx+O (4.1.22)

with O being a phase offset. Equation (4.1.22) corresponds directly to the data in Fig. 4.7.
The best fits of Eq. (4.1.22) to the experimental data (crosses) for three different time
constants of the lock-in amplifier are shown as solid lines in Fig. 4.7. The obtained fit
parameters are listed in Tab. 4.1.

As can be seen from the linear relationship of the fit parameters (last column in Tab. 4.1)
with respect to the time constant TLIA and the good agreement of the fits with the exper-
imental data in Fig. 4.7, the model [Eq. (4.1.21)] for the response function is satisfactory.
The linear relationship is comprehensible since for a greater Fourier window, i.e., the
lock-in amplifier time constant TLIA is larger, the final values for the amplitude and phase
are reached with an increasing time lag. The parameters b1 and b2 describe the width
of the response function linearly, therefore the linear relationship of the parameters with
the time constant is a good indicator for the performance of the asymmetric Gaussian as
model function for the response function.

Hence, the collected experimental data of the polarimeter can be modeled with a con-
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volution of the lock-in amplifier instrument response function RLIA [Eq. (4.1.21)] and the
sample response αpr. Since optical rotation and concentration are directly proportional
[see Eq. (2.4.29)] it is possible to use Eq. (4.1.10) for modeling the sample response.
Hence, all concentrations have to be exchanged with optical rotations [62]. This leads to
the total response function

F (t, τ) = (αpr ∗RLIA) (t, τ) =
∞∫

−∞

αpr(x, τ)RLIA(x− t)dx, (4.1.23)

which is taken as fitting model for all experimental data from the polarimeter setup.
With the help of Eq. (4.1.23) it is possible to extract the optical rotation of the unirradi-
ated sample α0, the conversion efficiency η, and the two diffusion rates dpu and dpr from
experimental data.

4.1.4 Optical rotation resolution

One of the most important features of any polarimeter is the achievable resolution regard-
ing the optical rotation angle. As motivated in Sec. 2.4.3 the challenge of chirality-sensitive
optical spectroscopy is the ability to detect small signals. Hence, also the resolution of
the above described polarimeter was investigated. At first glance, the resolution of the
polarimeter should be directly connected to the angular phase resolution (which equals
8 mdeg [233]) of the utilized lock-in amplifier. In our case this would lead to a resolution
of 0.16 mdeg for a retardation setting of δ = 2.3◦ (which will be shown to be optimal
below), following Eq. (4.1.18). However, effects like electronic noise, scattering in the
sample solution, mechanical instabilities of the setup, or intensity fluctuations of the laser
diode have to be accounted for. Hence, the determination of the rotatory resolution of
the presented polarimeter is not done theoretically but experimentally. For this purpose,
the capillary (see Fig. 4.3) is filled with solvent only and the measurement procedure
described in Sec. 4.1.3 is performed, thus including all noise effects. The data should be
basically a horizontal line as no change in optical rotation should occur upon irradiation
with the femtosecond pulse train. The recorded fluctuations due to noise are assumed to
be Gaussian distributed, which was confirmed by statistical analysis of the distribution
of the data points. A step change in such data can be resolved if it is greater than two
times the standard deviation of the noise. Hence, by calculating the standard deviation
of such solvent data and multiplying the result by two one obtains the rotatory resolution
of the polarimeter.

The result of this noise analysis can be seen in Fig. 4.8 for different settings of the
retardation δ of the VWP and different time constants of the lock-in amplifier TLIA. The
resolution gets better with longer time constants. Concerning the retardation δ of the
variable wave plate, a setting of δ = 2.3◦ is best for our purposes, revealing an optimal
resolution of 0.10 mdeg within only 1 s of measuring time (TLIA = 100 ms). This value
of 0.10 mdeg is smaller than the value of 0.16 mdeg determined by the resolution of the
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Figure 4.8: Resolution of the optical rotation
change ∆α (at 1 s measurement time) for dif-
ferent settings of the retardation δ [Eq. (4.1.18)]
and different time constants of the lock-in am-
plifier TLIA. The resolution has its optimum at
a retardation of δ = 2.3◦ for all time constants.
The best resolution value, at a time constant of
100 ms, is 0.10 mdeg. Figure taken from Ref. [1].

1.3 2.3 3.3 4.3 5.3 6.3
0.0

0.5

1.0

1.5

2.0

retardation δ  [°]

re
s
o

lu
ti
o

n
 (

2
σ
∆
α
) 

[m
d

e
g

]

 

 

 T
LIA 

= 10 ms

 T
LIA 

= 30 ms

 T
LIA 

= 100 ms

lock-in amplifier because of data averaging. On the other hand it is considerably larger
than the purely theoretical value of 0.035 mdeg by Lee and Su [217] because we include
all experimental noise sources.

The presented dependence on the retardation δ of the optical rotation resolution is
reasonable since a high resolution corresponds to a high angle amplification k which was
derived in Sec. 4.1.2. Since the angle amplification k depends on the retardation δ of the
variable wave plate (see Fig. 4.3) the value of δ is of great importance. From Eq. (4.1.20)
it becomes obvious that for smaller retardation values the angle amplification k increases.
In fact, if δ approaches multiples of π the amplification k diverges, however at these
points the amplitude A [Eq. (4.1.16)] reaches the value zero. Thus, the best resolution
can be achieved for small retardation values. However, the amplitude A of the modulation
[Eq. (4.1.16)] for such small retardations would be very small. The value that was used
for the scope of this work δ = (2.3 ± 0.2)◦ leads to an intensity for the sine modulation of
only 3% of the total intensity and corresponding to an amplification of k ≈ 50, following
Eq. (4.1.20). Since the lock-in amplifier reveals a higher noise level for smaller signal
amplitudes the effect of the optimal retardation setting should feature a local minimum.
Figure 4.8 shows that the resolution for a retardation value of δ = 1.3◦ is worse than for
δ = 2.3◦, which is a direct consequence from this relationship.

4.2 Polarization mirroring setup

In the previous section one possible approach to chirality-sensitive spectroscopy was in-
troduced. While the presented polarimeter utilizes the physical effect of optical rotation
dispersion (ORD) the setup which will be described in the following can be used to probe
circular dichroism (CD). As shown in Sec. 2.4.3, both effects provide the same informa-
tion about the chiral molecules under investigation. However, different approaches to the
same information are always beneficial since every technique has its own strengths and
weaknesses. Besides the sensitivity, the great advantage of the polarimetry approach of
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the previous section is its ability to detect chirality-sensitive signals in spectral regions
where no electronic transition of the sample under investigation are located. But for
ultrafast time resolution pulse-pairs have to be utilized. This makes the collection of
chirality changes on the ultrafast timescale more demanding than in the well-established
pump–probe approach. Hence, within this section a setup is introduced and characterized
which can generate a chirality-sensitive probe signal in a pump–probe experiment similar
to transient-absorption spectroscopy.

As described in Sections 2.4.2 and 2.4.3 the interaction between left (LC) and right
circularly (RC) polarized light differs for chiral molecules, giving rise to a CD signal.
Hence, to enable chirality-sensitive detection the polarization state (confer Sec. 2.3) of
the probe pulse must be varied. There are several approaches known in the literature how
to collect chirality-sensitive pump–probe data [106]. Typically, either two consecutive
measurements, one with LC and one with RC polarized probe pulses, are performed [117–
119], or the probe polarization change is analyzed [105, 114, 116], or at every delay step the
polarization is switched, e.g., with a Pockels cell [115, 121, 123, 125, 236, 237]. In the latter
case, the CD change is probed at only one wavelength and thus the polarization switching
via a Pockels cell is possible. Albeit, if broadband detection like in transient absorption
(see Sec. 3.2.1) is desired, the utilization of a Pockels cell is not feasible anymore. Hence,
for a broadband detection a broadband quarter-wave plate is utilized which is rotated
manually as presented by Trifonov et al. [124]. However, within this approach not only the
accuracy of the broadband quarter-wave plates limits the detection capability. Since the
polarization handedness of the probe is only switched after measuring a full transient map,
the intensity fluctuations of a femtosecond laser source [200, 201] and other mechanical
instabilities which vary over time influence the signal-to-noise ratio. To tackle this issue
the measurement of both polarizations should be performed shortly one after another,
like the shot-to-shot detection in state-of-the-art transient-absorption spectrometers [9,
61, 199, 201, 238].

Thus, a setup which enables a shot-to-shot switching between mirrored polarizations
of a broadband laser pulse would be desirable. The setup which will be introduced in the
following aims exactly at achieving this goal. Its basic idea is to split up an incoming beam
in a polarization-maintaining interferometer and subsequent mirroring of the polarization
state in one arm with a reflection at a mirror with an incident angle of 0◦, as will be
explained in Sec. 4.2.1.

However, the experimental realization of such a setup is rather challenging since one
wants to achieve perfect mirroring of the polarization state of the incoming ultrashort
laser pulse. Furthermore, the two mirror images which leave the setup must overlap
temporally and spatially. Especially if CD signals should be detected the alignment must
be performed very carefully because of the low signal magnitude of the CD response
(confer Sec. 2.4.3). Calculations, which are briefly introduced in the following subsection,
predict that such a setup must be aligned with an error of only ±0.01◦ in the relative
angle for every optic [61]. Hence, conventional alignment procedures fail, such that new
ways had to be found how to meet this requirement as introduced in Sec. 4.2.2. Finally,
in Sec. 4.2.3 the setup will be characterized and it will be shown that indeed a mirroring
of the polarization state of ultrashort laser pulses can be achieved.
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4.2.1 Theoretical description of polarization mirroring

Within this subsection, the basic idea of the polarization mirroring (PM) setup is intro-
duced and its functional principle is described theoretically. Here, the description of the
polarization state is done with the help of the Jones formalism in the three-dimensional
representation [confer Eq. (2.3.26) in Sec. 2.3.2]. As mentioned already above, the central
component of the polarization mirroring (PM) setup is the 0◦-mirror, because upon such
a reflection the components of the polarization vector (see Sec. 2.3.2) are not altered but
only the travelling direction is flipped. This arises from the fact that for a reflection
with an angle of incidence of 0◦ the s and p direction is not defined anymore. Here, the
s direction corresponds to the electric component which is oriented perpendicular to the
plane of incidence of a mirror, while the p direction corresponds to the component parallel
to the plane of incidence. Thus, polarization mirroring is achieved since the polarization
state is not varied, only a global phase offset (for both perpendicular oriented electric
field components) is gained and the overall intensity is reduced due to the reflectivity of
the mirror which deviates from unity.

However, besides the mirroring another requirement of the setup is the collinear output
of both beams with opposite polarization states. For the ease of notation those two mirror
images will be called pulse enantiomers (PENs) in the following. To achieve the collinear
recombination of the two PENs such that they also overlap temporally one can use an
interferometer of Mach-Zehnder-type as depicted in Fig. 4.9. The mirrors are framed
black while the beamsplitters are framed blue. The letter “F” is used to represent the
polarization state of both PENs after every optical element. Starting at the lower left
corner the incoming beam is split up at the first beam splitter into two beams, one colored
red the other one green. Following the green path, the beamsplitter guides the beam first
in y direction before a mirror changes it again into the z direction. Afterwards, the green
beam traverses a beamsplitter and is reflected at the 0◦-mirror. Hence, by travelling in −z
direction it hits again the beamsplitter and is reflected this time such that the green beam
travels again along the y direction. Finally, the last mirror changes the travelling direction
again along the z axis where the green beam passes the final recombining beam splitter.
As indicated by the “F” at the upper right corner of Fig. 4.9 the polarization state of that
beam is indeed mirrored compared to the red one. The other PEN is visualized as red
beam and is travelling along the y direction after traversing the initial beamsplitter and
hitting a mirror. Then the red beam passes a beamsplitter and is afterwards reflected by
another beamsplitter into the z direction. These two interactions with beamsplitters are
necessary to guarantee that also the red beam is twice reflected by and twice passing a
beamsplitter like the green beam. Finally, the red beam is again reflected at a mirror in
y direction before it is reflected at the last beamsplitter and recombined with the green
beam. As visible from the red letter “F” at the output, the original polarization state is
kept for the red beam (see Fig. 4.9). Hence, indeed the two PENs overlap spatially as
well as temporally after passing a setup as presented in Fig. 4.9. Except for the reflection
of the green beam at the 0◦-mirror both PEN interact with the same amount of optical
elements. Since the additional global phase from a reflection at a 0◦-mirror is only varying
the CEP phase and is thus not considered in the course of this work, only the intensity
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Figure 4.9: Schematic representation of an interferometric setup of Mach-Zehnder-type to achieve
the generation of pulse enantiomers. Mirrors are framed black while beam splitters are framed blue.
The utilized coordinate system is presented at the upper right. The letter “F” visualizes the actual
polarization state after every mirror. At the first beam splitter two paths, one colored green the other
red, are generated. The red path maintains the incoming polarization, while the green mirrors the
polarization state due to the reflection at the 0◦-mirror, as one can see at the output at the upper right
corner. To be able to recombine the two paths collinearly the beamsplitter in front of the 0◦-mirror is
necessary. At this beamsplitter the green beam is first transmitted, then reflected at the 0◦-mirror before
it is reflected at that beamsplitter. To compensate for this transmission and reflection two beamsplitters
have to be introduced in the red path. Hence, both beams are twice reflected and twice transmitted at
beamsplitters, such that the only difference is indeed the reflection at the 0◦ mirror. Figure taken from
Ref. [61].

loss must be considered.
However, an exact mirroring of an arbitrary polarization state cannot be achieved in

the setup presented in Fig. 4.9. As mentioned above, for a reflection with an angle of
incidence of 0◦ the s and p directions are not well-defined anymore. For a different angle
of incidence this is not true, as derived in Sec. 2.3.2. Thus, for LIN polarization oriented
parallel (p) or perpendicular (s) to the mirror axis of the setup in Fig. 4.9 indeed two
perfect mirrored PENs leave the setup, since only one polarization component is present.
But for elliptical polarization states both components are present and are varied at every
mirror and beam splitter differently (confer Sec. 2.3.2). Especially beamsplitters usually
exhibit very different indices of refraction and transmission for s and p components [61, 65].
Hence, the setup presented in Fig. 4.9 delivers only temporally and spatially overlapping
PENs for LIN polarization states parallel or perpendicular to the mirror axis.

To generalize the design to arbitrary polarization states one can use rotating periscopes
instead of mirrors to change the propagation direction. In such periscopes (see Fig. 4.10)
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Figure 4.10: Schematic representation of an
ideal rotating periscope. The green arrows show
the path of the beam which first travels along the
z direction before the first mirror guides it to the
x direction and subsequently the second mirror
changes it once more to the y direction. As in-
dicated by the red and green disks the planes of
incidence enclose an angle of 90◦. Thus, the s

component of the first mirror is the p component
of the second and vice versa. The polarization
state is also rotated by 90◦ as indicated by the
letter “F”. Figure taken from Ref. [61].

the role of s and p component is switched between the first and the second reflection.
Hence, after passing the rotating periscope both components are manipulated in the same
way if both mirrors in the periscope are of the same material. This can be derived also
mathematically as will be shown briefly in the following. In the case that both mirrors
are manufactured of the same material they also possess the identical Jones matrix

M =
(
r⊥ 0
0 r∥

)
(4.2.1)

(confer Sec. 2.3.2). An incident polarization

Ei =
(
Es
Ep

)
(4.2.2)

leaves the rotating periscope with the polarization

Eo = M · Rot(90◦) · M · Ei =
(

−r⊥r∥Ep
r⊥r∥Es

)
. (4.2.3)

The directions of the s and p component are thus also rotated by 90◦ after leaving the
last mirror. A rotation back with another rotating periscope would yield the original
polarization since both components are attenuated (and phase-shifted in case of partly
imaginary indices of refraction) by r⊥r∥. Hence, the polarization is maintained [239],
while acting on the propagation wave vector like a mirror that changes the wave vector
only.

Hence, by exchanging all mirrors which change the travelling direction of a beam in
Fig. 4.9 with rotating periscopes like the one depicted in Fig. 4.10 the setup in Fig. 4.11
is achieved. To achieve both temporal and spatial overlap of the two PENs at the output,
the rotating periscopes in the red beam path exhibit a greater distance between the
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Figure 4.11: Schematic representation of the pulse mirroring (PM) setup to generate pulse enantiomers
(PENs) of an arbitrary incident polarization state. Mirrors are framed black while beam splitters are
framed blue. The utilized coordinate system is visualized at the lower right. The letter “F” visualizes
the actual polarization state after every optical element. Basically, the depicted setup is a combination
of Figs. 4.9 and 4.10. Within this setup, not only the optical path lengths for the red and the green beam
are identical but also a collinear recombination is achieved. Furthermore, due to the change of direction
with rotating periscopes also the polarization state is not altered. Only the 0◦ mirror in the green beam
path leads to the desired mirroring of the polarization state. Hence, as also visible from the red and
green letter “F” at the output in the upper right the two PEN are indeed mirror images. Figure taken
from Ref. [61].

two reflections to account for the additional optical path for the reflection at the 0◦-
mirror. Furthermore, the beamsplitters must be located in the setup in a way that
they act similarly on the polarization in both paths, i.e., the number of reflections and
transmissions for s and p component in both paths must be equal, which is fulfilled in the
configuration of Fig. 4.11. Moreover, the utilized beamsplitters must be symmetric, i.e.,
their Jones matrix should be invariant to the direction in which they are traversed by the
laser pulse [240].

To show the applicability of the presented setup also mathematically the mirroring will
be shown explicitly in the following by utilizing the Jones formalism which was introduced
in Sec. 2.3.2. Here, the setup is treated in an ideal way such that mirrors exhibit a reflec-
tivity of unity and no absorption occurs. Also by transversing beamsplitters, no variation
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of the intensity of either polarization component is achieved. The actual splitting of a
beam would thus lead to a factor of 0.5 for the intensity (for an ideal 50:50 beamsplitter)
which is irrelevant for the calculation and thus neglected. Starting with the red path in
Fig. 4.11 one can calculate the polarization state at the output via

Eo = BSr · P · BSr · P · Ei. (4.2.4)

Here, Ei constitutes the incoming polarization state while the Jones matrices for the
rotating periscopes and the reflection at the beamsplitters are referred by P and BSr,
respectively. In explicit form, Eq. (4.2.4) transforms to

ExEy
0

 =

1 0 0
0 0 1
0 1 0


0 1 0

0 0 1
1 0 0


1 0 0

0 0 1
0 1 0


0 1 0

0 0 1
1 0 0


ExEy

0

 (4.2.5)

which shows that the initial polarization state is not altered.
Analogous to Eq. (4.2.4) one can calculate the green beam path in Fig. 4.11 via

Eo = P · BSr · M0 · P · BSr · Ei (4.2.6)

where the additional Jones matrix for the 0◦ mirror M0 is included. Again, the explicit
form is calculated
−Ex
Ey
0

 =

0 1 0
0 0 1
1 0 0


1 0 0

0 0 1
0 1 0


−1 0 0

0 1 0
0 0 −1


0 1 0

0 0 1
1 0 0


1 0 0

0 0 1
0 1 0


ExEy

0

 , (4.2.7)

proving the sign change in the x component of the output polarization. This is exactly
resembled in the green letter “F” at the output of the setup depicted in Fig. 4.11. Hence,
with the presented PM setup it is indeed possible to generate PENs from an arbitrary
initial polarization state.

4.2.2 Experimental realization and alignment

While in the previous section the setup was treated ideally, i.e., no losses due to reflection
or absorption, in an actual realization these assumptions do not hold. To account for
intensity losses and additional phase terms the setup as presented in Fig. 4.11 is designed
such that the same number of beamsplitters are passed by both PENs. Furthermore, also
the number of reflections differs only in the one reflection at the 0◦-mirror. However, the
alignment of such a setup is a critical issue since the setup must be aligned with an error
of only ±0.01◦ in the relative angle for every optic [61] to be able to generate two accurate
PENs. To achieve such a precision typical alignment procedures fail and hence a new way
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Figure 4.12: Exemplary cube with a mounted
silver mirror. The cube consists of four alu-
minum parts which can be connected with screws
(see right hand side). Within the cube, different
optical elements can be mounted, here a silver
mirror is shown. For fine adjustment the mirror
is mounted on a commercial mirror holder (red,
Radiant Dyes GmbH). The aluminum parts are
manufactured such that the mirror surface is lo-
cated at the intersection of the inner diagonals
of the cube. Different cubes can be mounted on
each other precisely with the help of the outer
threaded holes in combination with eight dowel
pins at every surface of the cube.

to guarantee exact relative angles between subsequent optical elements must be applied.
For that purpose, the setup was divided in cubes of equal dimension in which the single
optical elements are mounted. These cubes can be manufactured with high precision and
can be mounted to each other precisely with the help of dowel pins. An exemplary cube
with a mounted mirror is shown in Fig. 4.12.

Every cube consists of four basic aluminum parts, two “H-shaped” and two cuboids,
with a central hole through which the laser beam can propagate. Within such cubes
several optical elements can be mounted, like the silver mirror shown in Fig. 4.12. The
cubes are designed such that the optical element is always in the center of the cube. For
fine adjustment the optics are mounted in fine adjustable optic holders. The 0◦-mirror and
the final beamsplitter which recombines both beams (confer Fig. 4.11) have an additional
degree of freedom since they are mounted on a linear stage. In case of the 0◦-mirror this
mechanical stage is used to tune the temporal overlap of the two PENs while the last
beamsplitter can also be moved linearly to ensure perfect collinear travelling PENs. The
cubes can be connected to other cubes very precisely with the help of the outer threaded
holes in combination with eight dowel pins at every surface of the cube (see Fig. 4.12).
The edge length of one cube is 125 mm and the connection screws have a distance of
100 mm such that also mounting on an optical breadboard is possible. Thus, the single
optical elements in the setup sketched in Fig. 4.11 can be aligned separately and finally
mounted together with very high precision.

The alignment of a single cube is described in detail elsewhere [60] such that here only
the basic idea is described. As mentioned before, the angle deviation of the 45◦ reflections
is the critical alignment issue. Hence, to perform this alignment carefully a specialized
setup as depicted in Fig. 4.13 was utilized. The output of a helium-neon (HeNe) laser
is aligned in such a way that the beam propagates parallel to a solid metallic end stop
mounted on a laser table of a length of roughly one meter. The parallel propagation is
ensured by utilizing two irises which are mounted at the surface of a cube as depicted
in Fig. 4.12 but without an optical element. As visible from Fig. 4.13 at one end of the
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Figure 4.13: Schematic representation of the utilized setup for the alignment of the cubes. The output
of a HeNe laser is guided parallel to an end stop (vertical) with the help of two irises which are also
mounted at a surface of a cube. The actual cube in which the mirror is mounted that should be aligned
is shaded gray in the middle at the bottom. The mirror in that cube can reflect the beam to the right
hand side (as depicted) or to the left hand side if the cube is rotated. In both cases two irises are used
for a first alignment such that the beam is travelling parallel to the horizontal end stops. However, for
the accuracy which is aimed at, such a method is not sufficient. Thus, one utilizes a 2D camera (from a
commercial web cam) directly after the irises. Since the CCD pixels of the web cam have a distance of
less than 15 nm, this allows to detect changes in the sub-µm range. As the reflection is possible in both
directions, which requires a rotation of the cube, two independent measurements of the angle deviation
are possible, leading to an even better possibility to align the mirrors in the cubes more accurate.

metallic end stop two more end stops are mounted, perpendicular to the initial end stop.
The relative alignment of these three end stops is ensured by the thread holes in the laser
table as well as a precise try square. Hence, by mounting a cube as depicted in Fig. 4.12
into the edge of these end stops the HeNe beam can be reflected either to the left or to
the right. Only a rotation about 180◦ of the cube is necessary to change the direction.
Again two irises in both directions are used to check if a parallel propagation along these
metallic end stops is achieved. However, the achievable precision with this technique is not
sufficient, although two independent measurements for the alignment are possible with
the setup in Fig. 4.13. Thus, to improve the accuracy the two-dimensional CCD chip of a
commercially available web cam (SPC900NC/00, Philips) is used to track the position of
the beam relative to the end stops. The built-in CCD chip (ICX098BQ, Sony) exhibits
640 × 480 pixels at dimensions of 5.6 µm×5.6 µm [60]. Hence, the pixel distance is below
15 nm which results in an angle resolution on the order of 10−6◦ for the distances given
in Fig. 4.13. Furthermore, for alignment purposes both reflection directions are used one
after another to iteratively find the best alignment for a single cube.

As detailed in Ref. [60] with this approach it is indeed possible to align a single cube to a

A. Steinbacher: Circular dichroism and accumulative polarimetry of chiral femtochemistry

Dissertation, Universität Würzburg, 2015



4.2 Polarization mirroring setup 93

precision of ±0.01◦, or even below. This was explicitly shown in Ref. [60] by characterizing
an achromatic beam displacer described in [239]. However, whether the complete setup
is capable of mirroring the incoming polarization state perfectly can only be verified by
characterizing it experimentally. Hence, the setup was build with aligned single cubes,
like the one presented in Fig. 4.12 to reproduce the scheme in Fig. 4.11. Note that also
the beamsplitters can be aligned with the method described above (confer Fig. 4.13).
Furthermore, since metallic cubic beam splitters [60, 61] were used, the back reflection
from their surface was another measure for the alignment in that case. Hence, only the
0◦-mirror cannot be aligned with the method as described above. However, since in the
final setup this special mirror is hit after 750 mm of optical path through the setup, the
alignment is very precisely possible with the fraction which is not reflected but transmitted
from the beamsplitter after the 0◦-mirror (see Fig. 4.11) and back reflected to the input
of the PM setup.

4.2.3 Characterization of the performance

The PM setup is theoretically capable of mirroring an arbitrary polarization state and
thus also very complex ultrashort laser pulses, such as polarization shaped fs laser pulses
[58, 59] where during the pulse duration the polarization state is varied. However, the
characterization was performed with simpler polarization states since those can be gen-
erated easier. The simplest polarization one can think of is LIN polarization as already
described theoretically in Sec. 2.3. In that case, the electric field is oscillating only in
a fixed plane and thus the PM setup should only change the orientation of this plane.
Hence, by passing LIN polarized fs laser pulses through the setup not only the basic
working principle can be assessed but also the exact mirror axis, i.e., the normal of the
mirroring plane, of the setup can be determined. As visible from the green and red letter
“F” at the output in Fig. 4.11 the mirror axis of the PM setup should be oriented parallel
to the surface of the optical table. Furthermore, since this setup is utilized in Chapter 9
to perform time-resolved circular dichroism (TRCD) measurements also the performance
for circular polarizations with both handedness, i.e., right circular (RC) and left circular
(LC), must be characterized. In that case not only the orientation but also the ellipticity
of the fs laser pulses is of interest. To vary the above mentioned properties of the incident
fs laser pulses broadband achromatic wave plates were utilized. Those are specifically de-
signed for the visible spectral range which matches with the utilized silver mirrors in the
PM setup which exhibit reflection coefficients close to unity in the visible spectral range
[50]. Hence, for both cases, LIN and LC/RC, the output of a NOPA (confer Sec. 3.1.2)
with a central wavelength of 575 nm and an intensity-FWHM of ≈ 30 nm was utilized.

After aligning the laser beam through the PM setup with the help of two mirrors in
front of the setup, the two collinearly travelling PENs are guided to a spectrometer.
As deducible from the sketch of the PM setup in Fig. 4.11 the two PENs travel on
different paths in the setup which can be utilized to block the two PENs separately. In
the following the two PENs will be called left pulse enantiomer (LPE), corresponding
to the red beam in Fig. 4.11, and right pulse enantiomer (RPE), corresponding to the
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Figure 4.14: Spectra of the two PENs (LPE
and RPE) after passing the PM setup. The dif-
ference between LPE and RPE is hardly visible.
Mind that both spectra are normalized to the
maximum of the RPE spectra. Nevertheless, the
width as well as maximal intensity of the spectra
are comparable. For the data presented, the po-
larization of the input was chosen perpendicular
to the mirror axis of the PM setup.
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green beam in Fig. 4.11, for easier distinction. Thus, by blocking either one of the two
PENs, their respective spectra can be recorded separately as shown in Fig. 4.14. Given
the experimental noise, both spectra are identical which leads to the conclusion that the
PM setup does not influence the spectral shape of the two PEN differently. As mentioned
above, only the maximal intensity is slightly lower due to the 0◦-mirror in the path for
the RPE. However, all in all, the spectral width, shape and absolute intensity is not
significantly varied due to the propagation through the PM setup. The temporal overlap
between the two PENs can be aligned by tuning the linear stage of the 0◦-mirror. If both
PENs are unblocked and guided to the spectrometer, a spectral interferometric pattern
can be detected which is used to precisely tune the delay between the LPE and the RPE
to zero.

Linear polarization

As mentioned before, the careful characterization of the polarization mirroring capabilities
of the PM setup is critical to assess its performance. Hence, the first step is to utilize LIN
polarization to be able to determine the exact mirror axis of the PM setup relative to a
linear polarizer in front of the setup whose transmission axis is aligned parallel to the sur-
face of the optical table. To perform this characterization the setup presented in Fig. 4.15
was used. The key components are the linear polarizer and analyzer (both LPVISB100-
MP, Thorlabs, Inc.) and the broadband achromatic half-wave plate (RZQ 2.15, Bernhard
Halle Nachfolger GmbH). The polarization state which enters the PM setup is thus gen-
erated by the polarizer and the half-wave plate (HWP). Note that the angle between the
transmission axis of the polarizer and the HWP β (see Fig. 4.15) cannot be determined
precisely due to slight deviations between the marked optical axis on the rotation mount
and the actual optical axis of the utilized birefringent quartz crystal of the HWP. Hence,
the presented β values are always those adjusted at the rotation mount. Due to the angle
β between the transmission axis and the optical axis of the HWP, the polarization is
rotated by 2β (confer Fig. 4.15). While passing the PM setup the two PEN, LPE colored
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Figure 4.15: Schematic representation of the utilized setup for the characterization of the PM setup
with LIN polarized light. Before passing the PM setup the polarization state is precisely controlled with
the combination of a linear polarizer and a broadband achromatic HWP. The transmission axis of the
polarizer is oriented parallel to the mirror axis of the PM setup. The fast axis of the HWP is oriented at
the angle β relative to the transmission axis of the polarizer, such that the linear polarization is rotated
about 2β after passing the HWP. This polarization state is guided through the PM setup, generating the
two PENs (LPE: red, RPE: green). To detect the polarization state the subsequent analyzer is rotated
and several spectra of both PENs are recorded by the spectrometer as a function of the rotation angle Θ.

in red and RPE colored in green in Fig. 4.15, are generated as described in detail in
Sec. 4.2.1. By blocking one of the two PENs, the other PEN is characterized by recording
a spectrum for every orientation Θ of the analyzer. For this purpose, the angle of the
analyzer is changed with the help of a computer-controlled rotation mount in steps of
∆Θ = 1◦ for two full rotations. This leads to a two dimensional data set I(Θ, λ), i.e., the
detected intensity of the spectrometer depends on the wavelength and on the orientation
of the analyzer (confer Fig. 4.15).

The intensity of the recorded spectra along the Θ direction depends on the squared
cosine of the analyzer orientation Θ, thus following Malus’ law [50]

I(Θ) = I0 cos2(Θ). (4.2.8)

Here, I(Θ) refers to the intensity of the laser pulse after passing the analyzer, while
I0 describes the intensity incident on the analyzer. In the form of Eq. (4.2.8) Malus’
law is idealized, e.g., no intensity loss due to absorption of the polarizer is considered.
Furthermore, only perfectly LIN polarized light is considered, which is not the case in
general, and no spectral dependence is included. Hence, to account for these effect a
different function is used to model the recorded dataset I(Θ, λ) which is generated by a
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characterization measurement utilizing the setup of Fig. 4.15

I(Θ, λ) = I0(λ) cos2[Θ + ϕ(λ)] + Γ(λ). (4.2.9)

Here, the interpretation of I(Θ, λ) and I0(λ) are identical as in Eq. (4.2.8), except that
this time they depend also on the wavelength. The squared cosine term has an additional
wavelength-dependent phase parameter ϕ(λ) which can be interpreted as an angle de-
scribing the relative orientation between the transmission axis of the polarizer before the
PM setup and the analyzer angle Θ for which the maximal intensity arrives at the spec-
trometer. Thus, ϕ(λ) can be used to determine the spatial orientation of LIN polarization.
Finally, the offset Γ(λ), also wavelength-dependent, describes the minimal intensity which
is detected by the spectrometer. For perfect LIN light, this offset equals zero.

By assuming that the polarization state is not varying during the pulse duration one is
able to deduce the elliptical pulse parameters (confer Fig. 2.4, Sec. 2.3.1) from Eq. (4.2.9).
The orientation of the main axis of the polarization ellipse, i.e., the angle θ in Fig. 2.4,
can be deduced from the parameter ϕ(λ). Furthermore, the ellipticity ε [see Eqs. (2.3.7)
and (2.3.14)] can be calculated from the intensity along the minor axis, corresponding to
Γ(λ), and the intensity along the main axis I0(λ) + Γ(λ).

Hence, a recorded data set I(Θ, λ) can be modeled with the help of Eq. (4.2.9), leading
to wavelength-dependent values for I0(λ), Γ(λ), and ϕ(λ) exemplarily presented for β =
88◦ in Fig. 4.16. By comparing the results for LPE (Fig. 4.16a) and RPE (Fig. 4.16b) one
can deduce that the amplitude I0(λ) (left, orange) basically resembles the PEN spectra
presented in Fig. 4.14. The fact that the shape exhibits some peaks originates from the
global fitting, since the best values for every wavelength are found separately. However,
the overall width is in good agreement with the direct measurement of the two PEN
spectra presented in Fig. 4.14. Furthermore, the minimal intensity is represented by the
offset Γ(λ) (middle, violet) which is basically zero throughout the entire wavelength range,
leading to the conclusion that the polarization state is indeed LIN. The phase value ϕ(λ)
(right, blue) is to a good approximation constant over the whole wavelength range. The
mean phase values for LPE and RPE are rather similar since the utilized angle of the
HWP β = 88◦ is nearly oriented perpendicular to the transmission axis of the polarizer
(compare Fig. 4.15). Hence, also the two PENs should exhibit rather identical polarization
states and thus, the phases should be also rather similar.

As mentioned above, an exact control of the relative orientation between the transmis-
sion axis of the polarizer and the optical axis of the HWP (confer Fig. 4.15) is not possible
due to the manufacturing process of both elements. Thus, to ensure that the PM setup
indeed performs the desired mirroring, several measurements with different β values are
necessary. The evaluation is always performed with the help of Eq. (4.2.9), as described
above. Since the mirroring is directly reflected in the phase values ϕ(λ) [see Eq. (4.2.9)],
in the following only phase results are presented. Thus, the mean ϕ values for different
orientations β of the HWP are presented in Fig. 4.17a. This is reasonable since one can
deduce from Fig. 4.16 that the wavelength-dependent phase values are rather constant
over the whole wavelength range. Nevertheless, the maximal and minimal ϕ values are

A. Steinbacher: Circular dichroism and accumulative polarimetry of chiral femtochemistry

Dissertation, Universität Würzburg, 2015



4.2 Polarization mirroring setup 97

0

20

40

I 0
(λ

) 
[a

rb
. 
u

.]

−0.1

0.0

0.1

Γ
(λ

) 
[a

rb
. 
u

.]

LPE

550 600
3.9

4.0

4.1

λ [nm]

φ
(λ

) 
[r

a
d

]
0

20

40

I 0
(λ

) 
[a

rb
. 
u

.]

−0.1

0.0

0.1

Γ
(λ

) 
[a

rb
. 
u

.]

RPE

φ
(λ

) 
[r

a
d

]
3.9

4.0

4.1

575550 600

λ [nm]

575550 600

λ [nm]

575

550 600

λ [nm]

575550 600

λ [nm]

575550 600

λ [nm]

575

(a)

(b)

Figure 4.16: Fit result [confer Eq. (4.2.9)] of a measurement utilizing the setup presented in Fig. 4.15
with β = 88◦. The result for LPE (a) shows that the amplitude I0(λ) (left, orange) exhibits the same
FWHM as the spectra presented in Fig. 4.14 while the offset Γ(λ) (middle, violet) is zero over the spectral
range with significant intensity. Thus, the polarization state is indeed LIN. The phase ϕ(λ) (blue, right)
is constant over the whole wavelength range given the experimental noise. In (b) the same properties are
shown for RPE. Since these results are measured for β = 88◦, the resulting polarization is nearly parallel
to the mirror axis and thus the ϕ values for LPE and RPE are rather similar.

plotted as error bars in Fig. 4.17a.
From the data presented in Fig. 4.17a one can deduce that LIN polarization indeed

can be mirrored with the help of the PM setup. While for increasing values of β the
phase values ϕ(λ) are increasing for the LPE (red crosses), the phases are decreasing for
the RPE (green crosses). Mind that the phase values ϕ(λ) exhibit a π-periodicity due
to the squared cosine dependence [confer Eq. (4.2.9)]. Hence, to be able to present the
data as shown in Fig. 4.17 the phase values were unwrapped and a linear dependence
on β for the LPE and the RPE can be found. If the phases were not unwrapped five
intersections of the phase function would occur, i.e., LPE and RPE exhibit an identical
polarization state, in the presented β-range. This is reasonable, since for β = 0◦ the
polarization state is parallel to the mirror axis of the PM setup. Thus, both PENs should
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Figure 4.17: Determination of the mirroring capability of the PM setup for LIN polarization. (a)
Mean phase values for different HWP settings β (see Fig. 4.15). The unwrapped phases ϕ [Eq. (4.2.9)]
obey a linear relationship with β for the LPE (red crosses) and the RPE (green crosses). A linear fit for
both PENs (colored solid lines) reveal a good agreement with the respective theoretical expected slopes
(colored dashed lines). For a setting of β = 85.01◦ for the orientation of the HWP both generated PENs
exhibit LIN polarization along the mirror axis of the PM setup. (b) The same analysis shown for the mean
phase values in (a) was also performed wavelength-dependent and the respective wavelength-dependent
slopes for the LPE (red) and the RPE (green) are presented. Note that the sign of the slopes for the
RPE were inverted, such that an easy comparison with the theoretical expected value (black dashed line)
is possible.

exhibit the identical polarization state corresponding to equal ϕ(λ) values. The same
argumentation holds for β = 45◦ since there the incident LIN polarization is rotated by
2β = 90◦ and thus perpendicular to the mirror axis of the PM setup. In analogy also for
β = 90◦, 135◦, and 180◦ the two PENs exhibit the same LIN polarization. Due to the
unwrapping of both phase functions, one is able to perform a linear fit for the LPE (red
solid) and the RPE (green solid) phases ϕ, as presented in Fig. 4.17a. If perfect mirroring
of the LIN polarization state is achieved, the slope of these two fits must have the same
absolute value, with the sign flipped. Indeed, this is nearly perfectly fulfilled since the
slope for the LPE has a value of mLPE = 0.034955 rad

◦ while the corresponding value for
the RPE is mRPE = −0.035115 rad

◦ . The absolute error for both slopes can be determined
to ∆mRPE/LPE = 0.000055 rad

◦ . Moreover, one can compare the resulting slopes with
the theoretical expected values of m = ± π

90◦ = ±0.034907 rad
◦ which are also plotted as

dashed lines (LPE: blue, RPE: orange) in Fig. 4.17a. As deducible from the graphical
representation in Fig. 4.17a, as well as from the determined slopes, the agreement is very
good. The intersection presented in Fig. 4.17a occurs at β = 85.01◦. The deviation from
the theoretical expected value of 90◦ originates from the fact that the β values are read
from the rotation mount which does not coincide perfectly with the actual optical axis
of the HWP. To generate LIN polarization parallel to the mirror axis of the PM setup
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for both PENs one thus has to adjust the rotation mount of the broadband achromatic
half-wave plate to β = 85.01◦.

Up to now only the mean values of the fitted ϕ(λ) values (confer Fig. 4.16) were consid-
ered. Hence, the information about the wavelength dependence was lost. Thus, the above
mentioned approach to reveal the slope for the phase values for LPE and RPE was also
performed as a function of the wavelength. The resulting slopes mLPE (red) and mRPE
(green) are visualized in Fig. 4.17b. Mind that the sign of the slope for RPE was inverted,
such that a better comparison with the theoretical expected value (black dashed line) is
possible. Also in this wavelength-dependent evaluation the slope of the LPE matches the
expected value rather good, while the slope for the RPE slightly deviates. This might
originate from imperfections of the alignment of the RPE path, where the 0◦-mirror is in-
cluded, since the first and important step of the PM setup alignment is the collinearity of
the two PENs. Hence, slight misalignments might lead to this small deviation. However,
the slope values for both PENs are rather constant over the complete wavelength range,
as deducible from the flat curves in Fig. 4.17b. Hence, the PM setup is not introducing
any wavelength-dependent distortions in the mirroring process.

To summarize the characterization up to now, it is indeed possible to mirror LIN
polarized fs laser pulses with the above introduced PM setup. This functionality could also
be achieved by a second HWP. Hence, in the following the performance of the PM setup
is compared to an approach where two HWP are used to generate the two PENs. For
that purpose also a similar measurement was performed, where the PM setup in Fig. 4.15
was exchanged with another broadband achromatic HWP of the same type. Hence, the
polarization mirroring of the PM setup is mimicked by the second HWP. While the so-
called WPLPE, which corresponds to the LPE of the PM setup, is generated by tuning
the optical axis of the second HWP parallel to the optical axis of the first one, for the
WPRPE, mimicking the RPE of the PM setup, it is oriented perpendicular to the initial
polarizer. By performing such a measurement and also evaluating the data in analogy as
in the case for the PM setup, one arrives at the results presented in Fig. 4.18.

To compare the mirroring capability of the PM setup with the one of an achromatic
HWP, one can thus just compare Figs. 4.17 and 4.18. In both cases (a) shows the evalu-
ation for the mean phase values [confer Eq. (4.2.9)]. In both cases the slopes correspond
to the expected theoretical slopes rather well. Only for large and small values of β in the
case of the second HWP (see Fig. 4.18a) a slight deviation is visible. However, consider-
ing the comparison of the wavelength-dependent slopes (Figs. 4.17b and 4.18b) one can
directly observe a greater deviation for the measured slopes for the second HWP than in
the case of the PM setup. Also in the case of the second HWP (Fig. 4.18b) the WPLPE
agrees better with the theoretical value, but its deviation is comparable to the one of
the RPE (Fig. 4.17b) which is worse than LPE in the case of the PM setup. Hence, the
PM setup already outperforms an achromatic HWP in terms of accurate mirroring. One
might argue that a comparison for LIN polarization might not be meaningful, however,
in this case a direct comparison is possible with the simplest polarization state. Since in
this case already a difference in performance is measurable, they will be also present for
more complex, e.g., elliptical, polarization states.

The characterization with LIN polarization revealed that the PM setup is indeed capable
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Figure 4.18: Determination of the mirroring capability of a broadband achromatic HWP for LIN
polarization. (a) Mean phase values for different HWP settings β (see Fig. 4.15, where the PM setup is
exchanged by a second half-wave plate). The unwrapped phases ϕ [Eq. (4.2.9)] obey a linear relationship
with β for the WPLPE (red crosses) and the WPRPE (green crosses). A linear fit for both PEN (colored
solid lines) reveal a satisfactory agreement with the respective theoretical expected slopes (colored dashed
lines). (b) The same analysis shown for the mean phase values in (a) was also performed wavelength-
dependent and the respective wavelength-dependent slopes for the WPLPE (red) and the WPRPE (green)
are presented. Note that the sign of the slopes for the RPE was inverted, such that an easy comparison
with the theoretical expected value (black dashed line) is possible.

of mirroring an arbitrary LIN polarization state with high accuracy, even outperforming
an achromatic HWP. This already demonstrates the applicability for shot-to-shot probing
in anisotropy measurements [95, 241, 242]. In that case two perpendicular fs laser pulses
are necessary, which easily can be generated by tuning the HWP in front of the PM setup
to β = 22.5◦. However, in the course of this work the PM setup is used to generate two
circularly polarized PENs for the detection of ultrafast circular dichroism changes (see
Chapter 9) and thus also a characterization for those polarization states is needed, which
will be described in the following.

Circular polarization

In the following, the mirroring of elliptical polarization states with the PM setup will
be characterized. Still, the polarization is not varied within one fs laser pulse, thus a
broadband achromatic quarter-wave plate (QWP) is used to vary the polarization state.
The corresponding setup used for the characterization is shown in Fig. 4.19. Compared to
the characterization with LIN polarization only the HWP is exchanged with a broadband
achromatic QWP (RZQ 4.15, Bernhard Halle Nachfolger GmbH). Together with the pre-
ceding polarizer, the QWP can be used to generate elliptically polarized light by tuning
its optical axis at an angle α relative to the transmission axis of the polarizer (confer
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spectrometer

PM setup

analyzer

quarter wave plate

polarizer

Θ

α

Figure 4.19: Schematic representation of the utilized setup for the characterization of the PM setup
with elliptically/circularly polarized light. Before passing the PM setup the polarization state is precisely
controlled with a combination of a linear polarizer and a broadband achromatic QWP. The fast axis of
the QWP is oriented at the angle α relative to the transmission axis of the polarizer, such that the linear
polarization is converted to an elliptical polarization state after passing the QWP. This polarization state
is sent through the PM setup, thus generating the two PENs (LPE: red, RPE: green). To detect the
polarization state the subsequent analyzer is rotated and several spectra of both PENs are recorded by
the spectrometer as a function of the rotation angle Θ.

Fig. 4.19). Note that the angle α can not be determined precisely due to slight deviations
between the marked optical axis on the rotation mount and the actual optical axis of the
utilized birefringent quartz crystal of the QWP. Hence, in the following values of the angle
α refer to those adjusted at the rotation mount of the quarter-wave plate. If its optical
axis encloses an angle of ±45◦ with the transmission axis of the polarizer, the resulting
polarization state is left (LC) or right (RC) circular (confer Sec. 2.3). For different angles
the polarization state is elliptical, except in the special case where the angle equals zero it
is LIN polarized. Hence, in general the polarization state which is sent into the PM setup
is elliptical, as depicted in Fig. 4.19. While passing the PM setup both PENs, the LPE
colored in red and the RPE colored in green in Fig. 4.19, are generated as explained in
Sec. 4.2.1. Like in the case of LIN polarization one of the two PENs is blocked, such that
the other PEN is characterized by recording a spectrum for every orientation Θ of the
analyzer (confer Fig. 4.19).

The recorded data set I(Θ, λ) is modeled in the same way as for LIN polarization
by utilizing Eq. (4.2.9). Again, by assuming that the polarization state is not varying
during the pulse duration one is able to deduce the elliptical pulse parameters (confer
Fig. 2.4, Sec. 2.3.1) from Eq. (4.2.9). In this section, the focus lies on the ellipticity of the
resulting polarization after passing the PM setup. Hence, not the orientation of the main
axis of the polarization ellipse, i.e., the angle θ in Fig. 2.4 which can be deduced from the
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Figure 4.20: Fit result of a measurement utilizing the setup presented in Fig. 4.19 with α = 30◦.
The result for the LPE (a) shows that the amplitude I0(λ) (left, orange) and the offset Γ(λ) (middle,
violet) basically follow the spectra presented in Fig. 4.14 but they are not of the same magnitude. Thus,
the polarization state is indeed elliptical. The phase ϕ(λ) is constant over the entire wavelength range
within the experimental noise level. In (b) the same properties are shown for the RPE. Although the
ratio between I0(λ) and Γ(λ) does not match perfectly, the difference in phase corresponds to ≈ 2 rad.
Thus, the main axes of the two PEN enclose an angle of ≈ 120◦ (see text).

parameter ϕ(λ), is of interest but the ellipticity ε [see Eqs. (2.3.7) and (2.3.14)]. It can
be calculated from the ratio of the intensity along the minor axis, corresponding to Γ(λ),
and the intensity along the main axis, I0(λ) + Γ(λ).

The result of the modeling with Eq. (4.2.9) for a setting of α = 30◦ is shown exemplarily
in Fig. 4.20. In contrast to the case of LIN polarization (compare with Fig. 4.16) here
not only the amplitude I0(λ) (left, orange) but also the offset Γ(λ) (middle, violet) has a
non-zero value. Since the offset is still smaller compared to the intensity of the amplitude
of the cos2 function of Eq. (4.2.9), one can deduce that the polarization state is elliptical,
as one would expect from a setting of α = 30◦. If one calculates the ellipticity of the
RPE and the LPE presented in Fig. 4.20 the results are ε ≈ 0.5 and thus in between
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perfectly LIN (ε = 0) and circular (ε = π
4 = 0.785...) polarization. Besides the ellipticity,

also the relative orientation of the polarization ellipse of the two PEN can be determined
from the phase data presented in Fig. 4.20 (blue, right). Note that similar to the case
of LIN polarization the phase ϕ(λ) is constant over the entire wavelength range within
the experimental noise level. As discussed in the previous section for LIN polarization,
the phase directly reflects the orientation of the polarization ellipse, and thus the relative
orientation of the two PENs is resembled in the phase difference. As one can deduce from
the phase data in Fig. 4.20 (blue, right), the difference corresponds to ≈ 2 rad which
means that the two polarization ellipses of the PENs enclose an angle of approximately
120◦. This is reasonable, since the optical axis of the quarter-wave plate is oriented at
α = 30◦ and thus encloses approximately the same angle with the mirror axis of the
PM setup. Hence, the main axis of the LPE should be oriented around Θ = 30◦ while
the one of RPE should be at Θ = 150◦. Thus, the experimentally determined relative
angle of ∆Θ ≈ 120◦ also shows that in the case of elliptical polarization the PM setup is
capable of mirroring the orientation of the incident polarization ellipse.

The more interesting question is if the PM setup is also capable of mirroring the el-
lipticity of the incident polarization state. Thus, several measurements with the setup
sketched in Fig. 4.19 for different settings of α were performed to characterize the mir-
roring capability for different ellipticity values ε. The results of these measurements are
shown in Fig. 4.21. Similar to the case of LIN polarization the measurements were per-
formed spectrally-resolved. However, in order to compare the polarization state directly,
a graph with wavelength-dependent values ε(λ) is not the best option. Thus, the values
for the ellipticity are transferred to a graphical representation of the polarization ellipse,
as introduced in Fig. 2.4 in Sec. 2.3.1. Since in this section the orientation θ of the ellipse
is not of interest, the different polarization ellipses are always plotted in their inherent
coordinate system (Ax,Ay). Hence, one can directly compare the ellipticity for differ-
ent values of α in Fig. 4.21. Still, the information about the wavelength dependency is
contained because besides the mean value of the ellipticity (LPE: red, RPE: green), also
the minimal (blue) and maximal (orange) value is presented. For a setting of α = 20◦

(confer Fig. 4.21a), the polarization is more linear than circular, resulting in an elongated
polarization ellipse. The mean ellipticity values for the LPE and the RPE correspond
well, however, the maximal value is greater for the RPE. Increasing the value of α to
40◦ (confer Fig. 4.21b) one approaches circular polarization. Again, the mean values for
the LPE and RPE correspond very well and again, the spread for minimal and maximal
values of ε is greater for the RPE. The best circularity which could be measured is reached
for α = 43◦ (see Fig. 4.21c), where the same trends are observed. For an even greater
value of α = 60◦ (Fig. 4.21d) the polarization ellipse gets more elongated again. Thus,
the polarization state is again approaching LIN polarization.

Summing up the characterization measurements for elliptical polarization, one can de-
duce that the PM setup is indeed able to mirror also elliptical polarization states. How-
ever, for both PENs, the ellipticity is not constant over the entire spectrum of the fs
laser pulses used for the characterization. This can be explained by the properties of
the utilized achromatic QWP, which is a perfect wave plate for only two specific wave-
lengths. This effect cannot be compensated by the PM setup. However, the ellipticity
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Figure 4.21: Comparison of the achieved ellipticity values for measurements with different values of
α, utilizing the setup presented in Fig. 4.19. Here, only the ellipticity is compared, thus the orientation
angle θ is neglected. The minor axis Ax of the ellipse (confer Fig. 2.4) is plotted horizontally, while the
major axis Ay is plotted on the vertical axes. In all graphs the black solid line corresponds to perfect
circularity, i.e., ε = π

4 . Since the ellipticity is wavelength dependent, here the minimal (blue), maximal
(orange), and mean value (LPE: red, RPE: green) of ε are presented for both PENs. (a) For a setting
of α = 20◦ the polarization state is still rather linear and the ellipticity is rather equal for the LPE
and the RPE. (b) For α = 40◦, being much closer to perfect circular light, the deviation for the LPE
and the RPE becomes visible. (c) In the optimal case for α = 43◦ the ellipticity for the LPE reaches
nearly perfect circularity and is constant over the entire spectrum. However, the RPE still has a slight
wavelength-dependence while the mean value corresponds very well with the one of the LPE. (d) For a
greater value of α = 60◦, the polarization state becomes elliptical again.

is typically worse in the RPE which is a consequence of the PM setup. The fact that
the RPE exhibits worse results is related to the fact that this PEN is generated by the
reflection at the 0◦-mirror. Nevertheless, from the results presented above one can deduce
that the deviations due to imperfections in the alignment are still acceptable. Since also
spatial and temporal overlap of both PENs must be guaranteed a re-alignment of the
total setup probably leads to worse results since the single optical elements were aligned
very precisely, as described in Sec. 4.2.2.

To elucidate the deviation of perfect circularity further, the wavelength-dependent ellip-
ticity for the case of α = 43◦ (see Fig. 4.21d), i.e., the best circularity which is achievable
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Figure 4.22: Wavelength-dependent elliptic-
ity of the two PEN for a setting of α = 43◦.
The case of ideal circularity, i.e., ε = π

4 , is plot-
ted as dashed black line. The ellipticity for the
LPE (red) is rather constant over the complete
spectral range, but does not reach the perfect
value. The RPE (green) exhibits a higher maxi-
mal ellipticity for larger wavelengths, but is not
constant over the spectral range. Thus, at lower
wavelengths the ellipticity value for RPE drops
below the one of the LPE. However, in the spec-
tral range around 580 nm the ellipticity of both
PEN match.

with the setup, is presented in Fig. 4.22. The case of circular polarization is shown as a
dashed black line. The ellipticity for the LPE (red) does not depend strongly on the wave-
length but does not reach the perfect value for circular polarization. Although the RPE
(green) exhibits a higher maximal ellipticity for larger wavelengths, stronger variations
are observed here. Thus, at lower wavelengths the ellipticity value for RPE drops below
the one of the LPE. The fact that not the perfect ε value is reached is explainable due to
imperfections in the manufacturing process of the QWP. The deviation of the retardation
value of the used QWP is 3 % [243]. This variation matches the difference of the ellipticity
value for the LPE from the optimal value. The difference between the ellipticity of the
LPE and the RPE originates from the PM setup. However, in the spectral range with
significant intensity (confer Fig. 4.14) the deviation between both PEN is below 10 % and
thus on the order of the error which is introduced by the imperfection of the QWP. Thus,
in conclusion the mirroring of the ellipticity is indeed achieved at least with the same
accuracy as would be obtained by rotating the QWP or by using two QWPs, as one can
deduce from the overall good congruence in Figs. 4.21 and 4.22.

All in all, the presented PM setup is able to mirror an arbitrary polarization state very
accurately. Since the two PENs travel collinearly and overlap in time, the PM setup
can be used for various applications in spectroscopy and quantum control. For example,
for shot-to-shot anisotropy measurements the PM setup can generate pump pulses which
are polarized linearly and oriented perpendicularly to each other. This is possible if the
incident laser pulse is LIN polarized and oriented at 45◦ with respect to the mirror axis
of the setup. Furthermore, as will be demonstrated explicitly in Chapter 9, the setup
can also be used to generate the two probe pulses for time-resolved circular dichroism
spectroscopy. But one can also think of applications in the field of chiral quantum control
(see Sec. 2.4.4) where polarization-shaped fs laser pulses trigger a chiral photoreaction.
To assure that such a photoreaction is influenced by the polarization of the laser pulse,
one can pass it through the PM setup and switch between the two PENs on a shot-to-
shot basis. Hence, the experimental outcome for both PENs should be different and its
difference might also be used as feedback signal for closed-loop control approaches.
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Chapter 5

The ultrafast Wolff rearrangement in

5-diazo Meldrum’s acid in the gas

phase
The relative orientation between atoms or residuals in molecular systems is the key prop-
erty of chiral molecules. Chiral control thus aims at deterministically varying the decisive
bonds via laser excitation to achieve control over the molecular structure. Such rearrange-
ments can also occur in achiral molecules where photoinduced isomeriation reactions are
well-known for several types of molecular classes, like stilbenes [244, 245], azobenzenes
[246], or fulgides [247]. The molecular class of diarylethenes [248] can also be utilized for
chiral switches, i.e., the chirality changes for the two isomers [249]. Also in biochemistry
there are several photoisomerization reactions, some of them also chirality-dependent.
However, up to now only examples for non-chiral photoisomerization were presented e.g.
in carotenoids [250] to which already quantum control concepts were applied [251–255].
Closely related to such photoisomerization reactions are photoinduced rearrangement re-
actions which often occur on an ultrafast time scale [256]. In such rearrangement not only
molecular bonds are rearranged, but also bonds are broken, e.g., a part of the molecule is
cleaved off. Hence, this chapter deals with a rearrangement reaction called Wolff rearrang-
ment of α-diazocarbonyl compounds, named after Ludwig Wolff who described this type
of reaction for the first time in 1902 [257]. The knowledge about such ultrafast rearrange-
ment reactions is crucial for a successful implementation of chiral quantum control, even
though the utilized sample in this case is achiral. The presented results were published
in Ref. [3].

5.1 The photoinduced Wolff rearrangement

The photoinduced Wolff rearrangement has been studied for more than a century [257–
259], and especially the ultrafast dynamics have attracted wide interest both in experimen-
tal [260–268] and quantum-dynamical studies [269–271] during the last decade. Although
the reaction is utilized in many applications, e.g. as positive photoresist in lithogra-
phy [272], the exact mechanism is still vividly discussed. The scientific debate focuses
mainly on the question whether the Wolff rearrangement occurs in a concerted or a step-
wise manner. In the first case the ketene is formed while the loss of the diazo group
and the actual rearrangement occur synchronously, whereas in the latter, the reaction
proceeds via a carbene intermediate and a subsequent rearrangement. Concerted and
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Figure 5.1: Scheme of the first steps of the
photoreaction of DMA. The left-hand side de-
picts both discussed mechanisms for the Wolff
rearrangement: step-wise (lower path) and con-
certed (upper path). On the right-hand side
one possible subsequent reaction pathway, sug-
gested by Kammula et al. [275], is presented.
After the loss of the CO group a Wolff rearrange-
ment occurs again by forming Ketene II. Finally,
this molecule fragments into acetone and carbon
monoxide. Figure taken from Ref. [3].

stepwise reaction pathways may also exist concurrently, as suggested by theory for gas-
phase molecules [270, 271]. To elucidate this issue, the associated time scales of the initial
steps of the rearrangement in α-diazocarbonyl compounds require further investigation.
Hence, ultrafast photofragment ion spectroscopy (confer Secs. 3.2 and 3.3) was utilized
to resolve the involved time scales.

5.2 Chemical model system: 5-diazo Meldrum’s acid

As chemical model system for an α-diazocarbonyl compound, 5-diazo Meldrum’s acid
(DMA) was utilized. Previous DMA studies investigated the vibrational spectrum [273,
274], pyrolysis [275], thermolysis and photolysis in various solutions [276–283], photore-
activity in matrices [284, 285], laser ablation of DMA-doped polymers [286, 287], and
further lithographic applications [288–292]. Potential energy surfaces were determined
theoretically by the Popik group [279, 280, 293], and the ultrafast dynamics in the liquid
phase were explored recently by the Platz group [264–267]. Furthermore, our group [268]
was able to disclose sequential reactions involving solvent molecules. In neither of those
studies, the time scales on which the very first steps of the Wolff rearrangement take place
could be inferred directly, but at best upper limits were determined since liquid-phase pro-
cesses like solvent reorganization and vibrational cooling exacerbate the detection of the
pure Wolff rearrangment contribution. This is circumvented in a gas-phase approach and
in addition, a simpler comparison to theoretical studies is possible, so one can focus on
the initial photochemistry of DMA upon photoexcitation.

5.3 The Wolff rearrangement in 5-diazo Meldrum’s acid

In contrast to previous ultrafast studies, where absorption changes after UV excitation of
molecules in solution were recorded, here time-resolved photofragment ion signals (con-
fer Secs. 3.2 and 3.3) are collected. This allows to explore the dynamics of Carbene I
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Figure 5.2: Schematic representation of the
used experimental setup. A Mach-Zehnder inter-
ferometer is used to perform time-resolved mass
spectrometry with 267 nm (or 200 nm) pump
and 800 nm probe pulses. The harmonics are
generated as described in Sec. 3.1.2. The probe
can be delayed via a computer-controlled delay
stage and is recombined with the pump beam at
the dichroic mirror DM. Both beams are focused
into the interaction region of the RETOF mass
spectrometer (confer Sec. 3.3). The molecular
dynamics are probed via multiphoton ionization
and detection of the ionic fragments for different
pump–probe delays τ . Figure taken from Ref. [3].
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(Fig. 5.1) and Ketene I, formed by the Wolff rearrangement. By identification of possible
molecular origins for certain fragment ion signals and a global analysis scheme, we find
an estimated time scale for the Ketene I formation of 27 fs after 267 nm excitation. The
Ketene I lifetime itself was determined to be 358 fs before further fragmentation and rear-
rangement reactions set in. The result of the global fitting procedure thereby corroborates
the theoretically proposed [271] stepwise mechanism of Wolff rearrangement in the gas
phase. Additionally, if we tune the excitation wavelength to the deep UV (200 nm), the
time evolution after several tens of picoseconds changes dramatically. This behavior is
interpreted in line with the previously conjectured [275] second Wolff rearrangement of
Ketene I, leading to the formation of Carbene II and finally Ketene II (cf. Fig. 5.1).

5.4 Experimental configuration

The principal components of the used experimental setup are sketched in Fig. 5.2. The
femtosecond laser source (Spectra Physics, Spitfire Pro, confer Sec. 3.1.1) delivers 35 fs
pulses at a central wavelength of 800 nm with a repetition rate of 1 kHz. The output
is divided with a beam splitter (BS, see Fig. 5.2) to generate the pump and the probe
beam line. In the case of the 267 nm pump excitation, the fundamental beam was partly
frequency doubled in a 100 µm β-barium borate (BBO) crystal. The remaining 800 nm
pulses were mixed with the generated 400 nm pulses in a sum-frequency generation process
in another 100 µm BBO crystal to reach pulse energies of up to 12 µJ at 267 nm. For the
deep UV excitation, the 267 nm pulses were mixed again with the fundamental pulses in a
third 100 µm BBO crystal to generate 200 nm pulses of up to 1 µJ. During the experiments
we reduced the pulse energies to 80 µJ for the 800 nm probe and 1 µJ (267 nm) or 0.5 µJ
(200 nm) for the pump with adjustable neutral density filters. For these pulse energies
only the probe generated ions, while no pump-only signal could be detected. The probe
beam can be delayed by the delay-time τ with respect to the UV pump pulses via a
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computer-controlled delay stage and is recombined with the third (267 nm) or fourth
harmonic (200 nm) via the dichroic mirror DM (see Fig. 5.2). The step size was chosen
to be 35 fs around τ = 0 and 100 fs for longer delays. After recombination, both beams
travel collinearly through a fused silica lens with a focal length of 300 mm, leading to
beam waists of 60 µm for the probe pulse, and 75 µm (267 nm) or 70 µm (200 nm),
respectively, for the pump pulse. Hence, it is guaranteed that the probe beam diameter
is always smaller compared to the pump at the position of the molecular beam in the
vacuum chamber of the mass spectrometer.

The sample is generated by resistive heating of a constantan wire wrapped around a
glass pipette which is mounted inside the vacuum chamber and contains the solid DMA
crystals (TCI Europe, CAS No. 7270-63-5). The molecules expand effusively from the
pipette tip into the interaction region with the laser. To reach a constant and stable
flow of intact DMA molecules, a temperature of 85 ◦C is set by a PID temperature
controller unit. Temperatures above 120 ◦C lead to a complete decomposition of DMA
upon sublimation. The cationic fragments, generated in the course of multiphoton laser
excitation of intact DMA molecules, are detected via a home-built reflectron time-of-
flight (RETOF) mass spectrometer (analogous to Ref. [210, 212] and described in detail
in Sec. 3.3) with a multichannel-plate detector read out by a multiscaler card (P7886 S,
FastComTec GmbH). By optimizing the electrode voltages for our apparatus the mass
resolution could be tuned to ∆m

m
≈ 2000 at the parent ion of DMA (170 amu). The

vacuum chamber contains a liquid-nitrogen cooling trap for residual gas.
The computer-controlled delay stage allows for time delays up to 300 ps between pump

and probe pulses. The step sizes around the temporal overlap were chosen smaller than
at longer delay times, which is reflected in the density of the data points for the presented
transients. To reduce the influence of shot-to-shot intensity noise one mass spectrum was
averaged about 10,000 subsequent laser shots per delay step. In addition, to diminish
long-term fluctuations the final transient data is an average over four single transients.

5.5 Results, analysis, and discussion

Whereas the Wolff rearrangement of various diazo compounds has been investigated ex-
tensively in solution, there are only a few gas-phase studies reported in the literature.
The latter comprise photo excitation [294–297], thermal energy [275, 298, 299], or colli-
sions [300] as activation mechanisms. Distinct differences between gas-phase and liquid-
phase reactions have been found, e.g. the Wolff rearrangement may occur in isolated but
not in solute molecules for some compounds [297], or the sequence of two Wolff rearrange-
ments with an interjacent CO loss for gas-phase reactions [275, 299, 300].

For assessing the gas-phase reaction dynamics of DMA and its fragments, a discussion
of the “steady-state” DMA mass spectrum is highly beneficial. Hence, before discussing
the transient evolution of DMA fragment ions, the mass spectrum obtained upon pho-
toionization with an intense and ultrashort pulse is presented first.
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Figure 5.3: Mass spectrum of DMA as obtained by multiphoton ionization with a pulse spectrally
centered at 800 nm, averaged over 10,000 subsequent laser shots. The presented data is equal to the
probe-only signal and thus constitutes the baseline of the presented ion transients. The parent ion peak
(170 amu) discloses that intact DMA molecules are present in the interaction region. Inset: putative
initial fragmentation possibilities of DMA upon multiphoton ionization as discussed in the text. Figure
taken from Ref. [3].

5.5.1 Mass spectrum of DMA by multiphoton ionization

The data displayed in Fig. 5.3 were measured within our setup by using only the 800 nm,
80 µJ probe pulses, averaged over 10,000 subsequent laser shots. Sharp peaks can be iden-
tified and are ascribed to molecular ion species according to their mass. This is sometimes
ambiguous due to the presence of only four different types of atoms in DMA. However, a
reasonable assignment of all peaks is possible in combination with the steady-state pyrol-
ysis study [275] and additional access to the transient data which will be presented later
on.

The DMA parent ion peak at 170 amu is clearly visible which leads to the conclusion
that intact molecules are present in the interaction region. The peak at 155 amu corre-
sponds to the loss of one methyl (CH3) group. The less intense peaks at 171 amu and
156 amu originate from carbon isotopes.

Following the reaction scheme (cf. Fig. 5.1) for the first Wolff rearrangement one would
expect mass peaks at 142 amu corresponding to Carbene I or Ketene I. Furthermore,
the Carbene II or Ketene II fragment at 114 amu could also be visible. However, no
further pronounced ion peak with a mass above 70 amu is observed. Just like in this
experiment (Fig. 5.3) with only a single laser pulse, these peaks do not appear in the
pump–probe data, which is presented in Secs. 5.5.4 and 5.5.5, either. Hence, one can
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conclude that there are no stable cations of the carbene and ketene species originating
from DMA, at least not by multiphoton ionization as performed here. For observing the
reaction dynamics in the time-resolved experiments (vide infra), it is therefore necessary
to infer the dynamics from smaller fragments.

If the molecule is dissociated at the bonds also cleaved in the Wolff rearrangement, i.e.
between the carbon atoms of the carbonyl group and the oxane oxygen atoms, the two
moieties C3H6O2 (74 amu) and C3O2N2 (96 amu) might be formed (see inset in Fig. 5.3).
Both are not observed, but the former presumably gives rise to the peaks at 71 amu
(C3H3O+

2 , weak), 70 amu (C3H2O+
2 ), and 69 amu (C3HO+

2 ), as well as a contribution to
the one at 68 amu if all hydrogen atoms are photolyzed off.

This ion peak at 68 amu is of special importance since it may also originate from the
C3O2N2 moiety either when a carbonyl group or the diazo group is split off (confer inset
in Fig. 5.3). The latter (i.e., the formation of a OC3O+ ion) is in line with the Wolff
rearrangement mechanism, because its initial step is the photolysis of N2 from DMA, and
furthermore this scenario would give a coherent picture why the assumed bonds of the
ring are cleaved. In addition, the pyrolysis study [275] led to a final product distribution
only explainable if the Wolff rearrangement occurred, and furthermore contained traces
of C3O2. On the other hand, in vacuum-ultraviolet ionization spectroscopy of pyrolyzed
DMA, a strong mass peak at 68 amu is observed as well and can be assigned to the
OC2N+

2 due to energy calculations, so that the Wolff rearrangement after pyrolysis might
be a minor reaction path. However, this is not in contradiction to the assumption of a
OC3O+ ion in our experiments: first, it is known from liquid-phase studies [268, 279–281]
that the Wolff rearrangement is negligible if DMA is excited to the first electronically
excited state, but becomes relevant if higher-lying states are involved. Second, photoexci-
tation provides significant amounts of vibrational energy which even in the case of rapid
internal conversion may lead to a different reaction outcome than pyrolysis does for di-
azo compounds capable of doing the Wolff rearrangement [296]. Therefore, pyrolytic and
photolytic studies of DMA may differ, and both arguments will be substantiated by the
time-resolved mass spectra (vide infra).

The pronounced peak at 58 amu is due to the ion of acetone (C3H6O+), a fragment
of DMA which is also among the final products of the pyrolysis study [275]. One might
argue that DMA might already fragment in the heating step and hence the molecular beam
already contains acetone molecules. This possibility is further discussed in Sec. 5.5.2.

The most dominant peak in the spectrum is found at 43 amu and corresponds to
the acetyl ion (C2H3O+) which in principle can be produced from acetone and all the
molecules displayed in Fig. 5.1. The peaks of lower mass in the acetyl region are thus
emerging by removing one or more hydrogen atoms. Similarly, the carbon dioxide cation
CO+

2 (44 amu) can be produced at every reaction step. Peaks at lower mass correspond
to CO+ (28 amu) and species with one or two carbon atoms and several hydrogens, with
the strongest signal being the methyl ion (CH+

3 , 15 amu).
We want to point out that the lowest observed ion mass is 12 amu (C+), hence neither

multiply ionized species (often identified by a C2+ signal) nor H+ are generated with
the employed laser intensities. Furthermore, we do not observe any signal of residual
water (which would appear at 16 to 18 amu) or another background gas, but only a
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small contribution from ethanol (used to clean the pipette and hence also present in the
molecular beam) is evident from the characteristic peaks at 31 amu and 46 amu [301].

Two mass peaks shall be accentuated further at this point: at 56 amu, one hardly sees
a signal, possibly because for the corresponding ion C2O+

2 , the DMA molecule would have
to dissociate in a rather unusual way. However, if there is enough time for rearrangement,
the situation in the resulting species (Fig. 5.1) to undergo a ring cleavage leading to
C2O+

2 (56 amu) is a different one compared to intact DMA. The same argument holds
for the formation of C2O+ (40 amu) fragment ions, which e.g. can be generated by a
ring cleavage of the Carbene II. The possibility of H4C3O+ and H4C+

3 ions is discarded
because these fragments are not even present in ultrafast multiphoton ionization spectra
of acetone [302]. In the pump-probe data of Secs. 5.5.4 and 5.5.5, the 56 and 40 amu ion
peaks increase and vary strongly with time. Therefore, the ultrafast dynamics of these
peaks contain vital information on the reaction taking place.

5.5.2 The ultrafast dynamics of the acetone ion

The DMA parent ion peak observed at 170 amu confirms that the molecular beam contains
intact DMA molecules. If however a certain amount of DMA molecules is dissociated
upon the heating process, the effusive molecular beam should furthermore contain the
main dissociation products observed in pyrolysis, carbon monoxide and acetone [275].
Ultrafast photofragment ion spectroscopy provides a very helpful tool to clarify this issue.
We therefore performed two experiments, one with the molecular beam due to heating
the DMA crystals as described in Sec. 5.4, and a second one with an effusive beam of pure
acetone from a reservoir connected to the vacuum chamber with a nozzle (see Sec. 3.3).

The photofragmentation dynamics of pure acetone with 267 nm pump pulses, which are
resonant with acetone’s first electronically excited state, and subsequent ionization have
been studied in the literature [303, 304]. Compared to the parent ion peak of acetone
(58 amu), the acetyl peak (43 amu) appears with a clear delay and an offset of roughly
20 % is observable after a few picoseconds, originating from neutral dissociation of acetone
and subsequent ionization of the acetyl radical by the probe pulse. This behavior was also
observed in our apparatus if the transient data for pure acetone was recorded (data not
shown). By contrast, the dynamics of these two ion peaks found in the DMA experiments
is different, with no delay in the appearance and a decay rather than an offset for the
picosecond dynamics of the acetyl ion. Furthermore, the overall width of the acetone ion
peak is smaller, indicating a higher nonlinearity necessary to obtain this ion from the
initial compound. Due to these differences, we conclude that the acetone (58 amu) and
acetyl (43 amu) ion peaks observed in the DMA experiments originate predominantly
from an ultrafast photodissociation of DMA and not from thermal dissociation in the
heating step.
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5.5.3 Global Fitting Model

To understand the transient evolution of DMA, its products, and its fragments more pre-
cisely and to do a quantitative analysis, a theoretical modeling is necessary which will be
introduced in this section. In general, pump–probe data is described by a kinetic model
which resembles the dynamics of the molecule’s excited state. Here, the ultrashort UV
pump pulses lead to population in a high electronically excited state (Sn) whose evolution
is sampled with the help of the probe pulses. The latter transfer the reactant, or a species
due to neutral dissociation or rearrangement, into an ionic state via multiphoton absorp-
tion. Hence, by recording the time evolution of the ion signals, we probe the temporal
evolution in the excited state and thus can deduce the time scales of the photochemical
reactions involved. Typically, those time scales are determined by fitting a sum of expo-
nential decays to the data. However, this so-called parallel model [202, 206] assumes that
the excited population decays simultaneously with different rates (see Sec. 3.2.2).

Especially in the case of rearrangement reactions, this assumptions seems unfavorable,
because e.g. a fragment which originates from a certain intermediate product will not
occur already at the onset of the reaction. Thus, the assumption that the excited molecules
are transferred step by step to different intermediates, while every step has its own time
scale seems more reasonable. In the case of no back transfer or branching, this kinetic
model is a sequential model [202, 206] as described in detail in Sec. 3.2.2. To describe this
evolution, one uses a set of coupled rate equations, hence the decay rate of the initially
excited species is the rate describing the rise of the first intermediate and so on [305].

In our fitting model for the data of Fig. 5.4, the 16 dominant mass peaks of fragment
signals were included in the fit function, and the transient evolution of all of them was fit-
ted simultaneously. A comparison between parallel and sequential models using a varying
number of time constants showed that the fit converged best in the case of a sequential
model with three time constants and an instantaneous process represented by a delta
function. Furthermore, a convolution with the instrument response function (IRF) [206],
a Gaussian with a full width at half maximum (FWHM) of 104 fs also obtained during
the global fitting process, was always included in the fit (confer Sec. 3.2.2). The FWHM
corresponds very well with the measured cross-correlation of 267 nm pump and 800 nm
probe pulses. The results of the sequential fitting model are very robust, so that the
time constants could be determined with an accuracy of a few percent of their respective
values.

5.5.4 Excitation with 267 nm pulses

For both excitation wavelengths, we record a mass spectrum analogous to the one pre-
sented in Fig. 5.3 at every delay step, leading to a two-dimensional map. To analyze the
temporal behavior of the single species we use cuts along the time axis for single mass
peaks. To do so, we integrate the photofragment ion signal over an interval of 0.2 amu for
a specific mass peak at every time step, leading to the data presented in Figs. 5.4, and 5.6.
The baseline of the measurement (ion yield for negative delay times) thus corresponds
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Figure 5.4: Transient evolution of selected mass peaks after 267 nm excitation. The measured data
points are depicted as black dots and the results of the global fit as red lines. To illustrate the three
decay contributions the single exponential decays are plotted as dashed blue lines. In addition, the IRF is
plotted in every graph as green solid line. Left: 170 amu, the parent ion peak; Middle: 68 amu, referring
to C3O+

2 which can originate from Ketene I and Carbene I; Right: 56 amu, corresponding to C2O+
2

as a tracer for Carbene II. In all graphs the involved molecular structures, following Fig. 5.1, with the
presented fragments colored in red are shown as insets. Figure adapted from Ref. [3].

to the mass spectrum presented in Fig. 5.3 with 800 nm probe pulses only and is not
subtracted from the data.

In solution, only ≈ 30% of DMA molecules excited by 267 nm pulses undergo a Wolff
rearrangement. The other excited molecules take different minor reaction pathways or
relax back to the ground-state of the parent molecule[268]. The probe pulse might in turn
ionize and thus generate fragments of hot parent molecules, which would contribute to
the transient signals observed throughout this paper. However, dynamic signals at mass
peaks which may be related to a rearrangement and the distinct differences after 267 and
200 nm excitation suggest a different interpretation, as educed in the following.

Although many mass peaks have been included in the fit, in the following we concentrate
only on three mass peaks (170, 68, and 56 amu, see Fig. 5.4), which provides information
on the first Wolff rearrangement after 267 nm excitation, as explained below. Besides the
data points (black dots) the graphs also show the result of the fitting model (red solid
lines), discussed in Sec. 5.5.3. The contributions of the fit’s three sequential species are
illustrated as blue dashed lines, and the instantaneous process (which follows the shape
of the IRF) as green solid lines. The three decay times were determined to τ1 = 27 fs,
τ2 = 358 fs, and τ3 = ∞, i.e. a constant offset. The use of a time constant which is
shorter than the IRF might seem arguable at first glance, but it has to be included in the
fit to model our data appropriately.

In the left panel of Fig. 5.4, the transient behavior of the parent ion (170 amu), there
is a constant background (due to probe-only ionization) and a significant increase in the
amount of DMA ions around t = 0 fs (when both pulses overlap [306]). The green curve
corresponding to the IRF is hardly visible since it is the major component of the red
fit curve. Thus, the increase in signal intensity is only observed in the temporal overlap
of pump and probe pulse. This leads to the inference that when the DMA molecule is
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excited by the UV pump beam, it either has to be ionized instantly by the probe beam,
or otherwise no parent ion can be generated because the excited DMA molecules do not
remain intact but rather undergo a reaction. This interpretation is supported by the
identical dynamic behavior of the mass peak at 155 amu (not shown). In addition, a
small bleach of the 170 amu signal is observed (confer Fig. 5.5), meaning that the signal
intensity drops below the intensity observed at τ ≪ 0. This corroborates the conclusion
that intact DMA molecules undergo a reaction to molecules with a smaller mass.

The middle panel of Fig. 5.4 shows the evolution of the 68 amu mass peak. As already
discussed in Sec. 5.5.1, this fragment may have several origins. One possibility is direct
fragmentation of DMA upon ionization, but only as long as pump and probe pulses
still overlap temporally (see reasoning above). Transferring the information from liquid-
phase experiments to the gas phase, we assume that upon excitation with 267 nm pump
pulses the N2 breaks off and the Wolff rearrangement may occur for a significant fraction
of molecules. Then, two further possible origins for the ion peak at 68 amu are the
intermediates Carbene I or Ketene I (cf. Fig. 5.1 and Sec. 5.5). As indicated by the dashed
blue lines, only the contribution following the IRF (green line) and the first two time
components of the sequential fit have non-zero amplitudes. The dominant contribution
(blue dashed curve with the larger amplitude) corresponds to the τ1 = 27 fs decay, while
the one rising with τ1 and decaying with τ2 = 358 fs (blue dashed curve with the smaller
amplitude) contributes less. Due to this temporal behavior, the maximum of the 68 amu
fragment ion yield occurs at a larger time delay compared to the 170 amu transient in
the left graph of Fig. 5.4. We interpret this behavior such that after UV excitation,
the nitrogen group is instantly lost (which is consistent with the parent ion signal) and
Carbene I is instantly formed. Subsequently, it rearranges with τ1 to Ketene I, leading
to the conclusion that the Wolff rearrangement evolves also within 27 fs. The τ2 decay is
attributed to the transition from Ketene I to Carbene II by losing the CO group, after
which no more 68 amu ions originating from a pump-probe effect are observed.

This interpretation is consistent with the right panel of Fig. 5.4, representing the tran-
sient behavior of the 56 amu peak whose possible origins comprise DMA, Carbene I and
Ketene I, but also Carbene II. Besides the contribution following the IRF, all three compo-
nents of the sequential fit have non-negligible amplitudes, so that a persistent pump-probe
signal connected to τ3 and populated on the time scale of τ2 is found. This might indicate
that after the first Wolff rearrangement (within τ1 = 27 fs), Ketene I has a lifetime of
τ2 = 358 fs before it reacts on to Carbene II, whose formation was already derived from
the pyrolysis study of Kammula et al. [275].

The derived time scales with which the first rearrangement is taking place are indeed
ultrafast since they occur well below 100 fs. Since several other studies have been per-
formed, the inferred time scales presented here should be briefly put in context to the
existing literature. Platz and coworkers reported the formation of Carbene I from DMA
in solution within 300 fs [264]. Liquid-phase experiments on the similar compound dia-
zonaphtoquinone disclosed that the ketene is formed in less than 300 fs [262], which was
confirmed by gas-phase calculations that even predict a sub-100 fs time scale [270]. Hence,
the observed time scales and the interpretation are in line with previous studies, albeit
those were performed in solution or in silico.
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Figure 5.5: Comparison of the transient evolu-
tion of the baseline of the parent ion mass peaks
after 200 nm or 267 nm excitation. The mea-
sured data are normalized to the corresponding
maximum ion yield and depicted as red (267 nm)
or blue (200 nm) points. For the deep UV ex-
citation a substantial bleach is visible, whereas
in the case of 267 nm excitation the bleach is
much smaller. Thus, more molecules undergo a
photoreaction in the deep UV excitation scheme.
Figure taken from Ref. [3]. −500 0 500 1000 1500 2000
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5.5.5 Deep UV excitation with 200 nm pulses

For DMA in solution, excitation to a higher-lying electronically excited state is necessary
for the photo induced Wolff rearrangement to proceed efficiently [268, 279–281], hence
also a significant amount of energy will be deposited in the molecule and its reaction
products. The Ketene I molecule will be vibrationally hot upon formation, and this
energy is rapidly dissipated in the liquid phase, but not in the gas phase where Ketene I
may lose a CO [275, 299, 300] to form Carbene II. Grant et al. [288] suggested that
Ketene I will eventually lead to CO and acetone (as found in the pyrolysis study [275])
if it is further excited by a photon. In addition, Marfisi et al. [297] reported that α-
diazo ketones undergo Wolff rearrangement and further photochemical reactions more
likely if more photon energy is deposited into the system. Crucial aspects of the energy
distribution in reactive intermediates of processes like the Wolff rearrangement were also
accentuated in recent theoretical approaches [307]. Therefore, the role of the energy
introduced by absorption of a pump photon will be investigated further by setting the
excitation wavelength to 200 nm [308], which is also resonant with a higher-lying energetic
level of DMA.

The traces presented in Fig. 5.5 refer to a magnification of the transient behavior of the
parent ion peak at 170 amu. If one compares the signal levels for positive and negative
values of τ (i.e., the probe-only signals for DMA), a bleach signal is observed for positive τ .
This directly confirms that UV excitation leads to a photoreaction, which in turn means
that less intact DMA molecules remain in the interaction region. For both excitation
wavelengths, there is a huge signal intensity during the overlap of pump and probe pulses.
Despite the lower pump-pulse power, this ion yield is significantly higher for 200 nm than
for 267 nm excitation, but in both cases no additional dynamics are observable. One
reason for the more pronounced effect in the case of 200 nm excitation might be that
in a simple energy calculation, one less probe photon is needed for the ionization step.
However, also the reaction itself proceeds differently, as shown in the following.

Whereas the initial dynamics are finished within a picosecond in the case of 267 nm
excitation, this changes completely for 200 nm pump pulses. Here, one has to follow the
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Figure 5.6: Comparison of the transient evolution of selected mass peaks after 200 nm or 267 nm
excitation. The measured data are depicted as red (267 nm) and violet (200 nm) points. The solid lines
correspond to the result of the global fit approach (see text). Note the semilogarithmic scale. Left: 68 amu,
referring to C3O+

2 which can originate from Ketene I and Carbene I; Middle: 56 amu, corresponding to
C2O+

2 as a tracer for Carbene II; Right: 40 amu, the C2O+ peak also originating from Carbene II. In all
graphs the involved molecular structures, following Fig. 5.1, with the presented fragments colored in red
are shown as insets. Figure adapted from Ref. [3].

transient evolution up to more than 100 ps until no significant changes in the ion signals
are visible anymore. The time scales of the initial dynamics do not differ significantly,
thus we concentrate on longer delay times in this section. Hence, the dynamics of the ion
peaks at 170, 68, 56, and 40 amu are presented in Figs. 5.5 and 5.6 for both excitation
wavelengths and on a longer time scale. To be able to interpret the deep UV data, we
performed again a global fit (as described in Sec. 5.5.3), but only for the longer time
scale starting at τ = 1 ps. In analogy to Fig. 5.4, the single contributions of the three
exponential decays are presented in dashed black lines in Fig. 5.6. The third decay time
reflects the remaining ion signal for large delay times.

In the transient evolution of the 68 amu mass peak (left panel of Fig. 5.6), a slowly
decaying contribution is present upon 200 nm excitation. This signal was assumed to be a
measure for the Carbene I yield in the interpretation of the data with 267 nm excitation,
and hence this implies that for 200 nm excitation, a subensemble of Carbene I is long-lived.
A putative explanation is related to liquid-phase studies by Bogdanova and Popik [279]
who demonstrated that if Carbene I is in a triplet state, it will not perform the Wolff
rearrangement. Therefore, if upon 200 nm excitation a certain amount of Carbene I is
formed in a triplet configuration, the 68 amu signal may remain rather constant (the
very slow decay observed in the 200 nm trace might be due to a slightly varying pump–
probe overlap because of the pump beam’s divergence), whereas upon 267 nm excitation,
predominantly the singlet Carbene I is formed and reacts on. However, the possibility
of enhanced triplet formation is rather speculative and not further backed by any other
observation in our study.

The transient behavior of the 56 amu ion peak is displayed in the middle panel of
Fig. 5.6. In the case of 267 nm excitation, this peak was used to determine the time
scale of the transition from Ketene I to Carbene II, and a persistent signal was observed
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118 5 The ultrafast Wolff rearrangement in 5-diazo Meldrum’s acid in the gas phase

Figure 5.7: Schematic illustration of photo-
chemical reaction processes, with the correspond-
ing time scales, of DMA upon UV excitation in
the gas phase, as inferred from our experimental
data. Reactions which could be monitored with
267 nm are shown in black, additional pathways
upon 200 nm excitation are shown in blue. Fig-
ure taken from Ref. [3].
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for longer time delays. For 200 nm excitation, additional dynamics are observed, which
can be fitted with the sum of a 4 ps decay and a further contribution that rises with the
same rate and finally decays with a time constant of 28 ps. The single contributions are
also visualized by black dashed lines in Fig. 5.6 (middle). The signal again reaches the
baseline (i.e. the level before τ = 0) after ≈ 100 ps, in contrast to the persistent signal in
the 267 nm case.

This finding can be interpreted as follows: while Carbene II is formed for both pump
wavelengths, the vibrational energy is not sufficient for the second Wolff rearrangement
to Ketene II (see Fig. 5.1) in the case of 267 nm excitation, and hence the Carbene II is
long-lived. By contrast, 200 nm excitation provides more energy so that a further reaction
to Ketene II can occur on a 28 ps time scale. This is also consistent with the suggestion
in Ref. [288] that Ketene I will further react by absorption of another photon, with the
difference that the required energy is already deposited in the molecule by the energetic
200 nm photon in the studies presented here. Thus, the Carbene II molecules react to
Ketene II and from there to even smaller fragments within ≈ 100 ps.

This interpretation is substantiated by the evolution of the 40 amu ion peak (right
panel of Fig. 5.6). As indicated by the inset, this signal corresponds to C2O+ which in
principle may have several origins again. However, this transient behavior for 200 nm
excitation is remarkable because it exhibits a dominant signal with a 4 ps rise and 28 ps
decay which is not overlaid by other contributions, as indicated by the dashed black lines
in the right panel of Fig. 5.6. This long-lived decay corresponds well with the behavior
of the second contribution in the 56 amu ion signal. Thus, this might directly reflect the
generation and fragmentation of Ketene II.

5.6 Conclusion

Within this chapter time-resolved photofragment ion spectroscopy of 5-diazo-Meldrum’s
acid in the gas phase with 200 or 267 nm pump and 800 nm probe pulses was presented.
The observation of the transient ion signals in combination with a three-rate sequential
model in a global analysis scheme in the case of 267 nm excitation enabled us to follow the
Wolff rearrangement of DMA (confer Fig. 5.7). The data suggests that DMA rearranges
to form Ketene I with a time constant of 27 fs. The decay of the C3O+

2 ion yield to
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the baseline with 358 fs implies the decomposition of Ketene I and the formation of
Carbene II. This newly formed Carbene II shows up as a persistent signal in the ion yield.
From various fitting models, the one converging with highest accuracy suggests that the
rearrangement reaction occurs in a stepwise fashion which is in line with recent theoretical
studies [270, 271]. Compared to previous investigations in the liquid phase, this gas-phase
study uncovers the sub-100 fs time scale of the Wolff rearrangement and the lifetime of
the isolated product Ketene I.

The comparison of photofragment ion signals after 200 nm excitation of DMA lead to the
interpretation that the provided excess energy (compared to the case of 267 nm excitation)
enables the Carbene II product, originating from Ketene I, to undergo a second Wolff
rearrangement on the picosecond time scale to form Ketene II, which itself dissociates
to smaller fragments (see Fig. 5.7). This reaction was already postulated from the final
product distribution of a pyrolysis study of DMA [275], but has not yet been observed in
a time-resolved study.

The assignment of the ions and the reaction steps leading to their formation is unfor-
tunately not unambiguous from this study. However, although there are often several
putative origins for the observed ion mass peaks, the presented interpretation provides a
consistent and plausible picture of how the chemical reaction following photoexcitation of
DMA might proceed in the gas phase. Hence, the presented work can contribute to the
understanding of the ultrafast nature of Wolff rearrangement reactions. In contrast to
previous liquid-phase studies, solvent influences and vibrational energy loss are circum-
vented, facilitating a comparison to theoretical studies and allowing the observation of
further rearrangement processes not taking place in solution.

By coming back to the aspect of chiral rearrangement reactions of the example this
chapter already showed the complexity of photoinduced ultrafast rearrangement reactions
in the gas phase. In this case, intermolecular interactions could be neglected due to the
lack of a solvent and the low molecule density. Hence, one can deduce that chiral quantum
control in the liquid phase might become an even more demanding task. Nevertheless,
the presented results show clearly that an identification of rearrangement reactions are
possible, even if they occur on an ultrafast time scale.
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Chapter 6

Generalized magic-angle conditions

in pump–probe experiments
In all variations of pump–probe spectroscopy, the pump-pulse induced anisotropy has to
be considered since it can influence the outcome of the experiment. For example, for
time-resolved photofragment ion spectroscopy, as presented in the previous chapter, it
is possible that the generated fragment patterns are different if pump and probe laser
pulse are polarized parallel or perpendicular. Often, like in the previous chapter, this is
not necessary but for some molecular systems, e.g. acetyl halides [309], the influence is
measurable. This anisotropy can be understood in terms of the angular momentum distri-
bution of the ionization, which depends on the transition dipole moments of the molecule
under investigation [310]. If the anisotropy of the distribution of photoelectrons, instead of
the photofragments, is resolved, it could be shown recently that chiral molecules in the gas
phase can be detected [111, 112]. However, the most common pump–probe spectroscopy
is performed in the liquid phase: transient absorption spectroscopy. As explained in detail
in Sec. 3.2, the probe pulse monitors the change in absorbance ∆OD caused by the pump
pulse. In such an experiment, an anisotropic distribution of transition dipole moments
(TDMs) is created, thereby depending on the pump pulse polarization [311]. Hence, the
differential absorbance signal depends on the polarizations and the propagation directions
of the pump and the probe pulse. The presented results were published in Ref. [4].

6.1 Anisotropy in third-order spectroscopy

In ultrafast time-resolved spectroscopy, the anisotropic distribution of TDMs generated
by the pump pulse evolves because of population and orientation changes [202, 312–315].
On the one hand, electronic states with a molecular structure which is different from the
initial state may be populated. Thus, anisotropy measurements are capable of determin-
ing the relative orientation of TDMs with respect to the molecular structure [316–318]
and furthermore to reveal relevant time scales and reaction pathways. In the literature,
several examples dealing with energy transfer in reaction centers [319, 320], exciton de-
localization in dendrimers [321, 322], ligand docking [323–325], or electron hopping in
proteins [326, 327] are known. On the other hand, the excited molecules may rotate
leading to vanishing anisotropy. Hence, rotational diffusion in the liquid phase makes the
excited subensemble isotropic with time [318, 328]. If one is only interested in population
changes, the above mentioned anisotropy-changing effects may interfere. Furthermore,
since they also might occur on the same time scales they can complicate the recorded
measurement signal. However, under certain experimental conditions the spectroscopic
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6.2 Preliminary definitions 121

signal contains contributions neither from molecular structural changes nor from rota-
tional diffusion, thus reflecting the pure population dynamics only. These conditions were
derived and are known in literature as will be briefly discussed below.

In most cases of ultrafast spectroscopy, pump and probe pulse exhibit linear (LIN) po-
larization (confer Sec. 2.3) for which the so-called magic-angle configuration is well-known.
Here, the two polarization directions enclose a relative angle of χMA = arccos(1/

√
3) ≈

54.7◦ [311], the so-called magic angle, such that only population dynamics are probed.
For the case of circular polarized pump pulses (either LC or RC) and LIN polarized probe
pulses Cho [329] showed that an angle of 90◦ − χMA ≈ 35.3◦ between the propagation di-
rections of pump and probe can suppress contributions from electric quadrupole transition
moments allowing for a selective measurement of the combined electric-dipole–magnetic-
dipole nonlinear response terms contributing to the circularly polarized two-dimensional
pump-probe signal. However, for the most general polarization state, i.e., for elliptical
polarizations, the literature lacks a solution how anisotropy effects in pump–probe spec-
troscopy can be avoided.

In the following chapter, this question will be answered by generalizing the conditions
known from the literature and analyzing the geometry of arbitrary propagation directions
and polarizations with arbitrary ellipticity. The presented calculations focus on the most
commonly used isotropic samples, e.g., randomly oriented molecules in solution. At first,
preliminary definitions, like the beam geometry, are defined in Sec. 6.2. Afterwards, two
theoretical models, a transition-probability approach in Sec. 6.3 and an Euler-rotation
approach in Sec. 6.4 are introduced to investigate the most general case of polarization
effects. Finally, in Sec. 6.5, the generalized magic angle for transient absorption spec-
troscopy with elliptically polarized laser pulses is derived.

6.2 Preliminary definitions

The principles of light-matter interaction were already introduced in Sec. 2.4.2 while the
definition of the measurement signal of TA was derived in detail in Sec. 3.2. Hence, in the
following these basic principles are only mentioned briefly while the beam configuration
is described in more detail.

6.2.1 Beam configuration and measurement signal

Since the goal of this chapter is to derive generalized magic angle conditions for arbi-
trarily polarization states of pump and probe in transient absorption (TA), at first the
measurement signal is considered. As detailed in Sec. 3.2, TA data are often analyzed for
any given probe wavelength λ via the absorbance change [confer Eq. (3.2.2)]

∆OD(λ,∆t) = − log10

(
SPPR(λ,∆u)
SPR(λ)

)
(6.2.1)

A. Steinbacher: Circular dichroism and accumulative polarimetry of chiral femtochemistry

Dissertation, Universität Würzburg, 2015



122 6 Generalized magic-angle conditions in pump–probe experiments

Figure 6.1: Sketch of the pump–probe transient absorp-
tion geometry. Both beams are spatially overlapped in the
sample and their wave vectors enclose an angle β. By
adjusting the angle χ between the LIN polarization vec-
tors of pump and probe to the magic angle of χMA =
arccos(1/

√
3) ≈ 54.7◦ one can suppress structural informa-

tion and orientation dynamics in the recorded signal. The
coordinate system which is used throughout this chapter is
shown as inset on the left. Furthermore, it is assumed that
the pump wave vector is always oriented parallel to the Z

direction. Figure taken from Ref. [4].
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from the probe-only signal SPR(λ) measured when no pump pulse irradiates the sample
and the pump–probe signal SPPR(λ,∆t) obtained when the sample was initially excited
by the pump pulse at a time delay ∆t earlier. Pump and probe are spatially overlapped in
the sample, as sketched in Fig. 6.1. In general, the two beam do not propagate collinearly,
but their wave vectors subtend an angle β. Furthermore, also the LIN polarization vectors
of the pulses presented in Fig. 6.1 enclose an arbitrary angle χ in general. As mentioned
above, if one is only interested in population changes, the magic-angle configuration [311]
with χMA = arccos(1/

√
3) ≈ 54.7◦ is utilized. However, since any polarization vector

lies in a plane perpendicular to the propagation direction, also the angle β affects the
polarization vector in the laboratory coordinate system (confer Fig. 6.1). Hence, for
maintaining the magic-angle configuration for any given β two solutions are possible.
Either the pump or the probe polarization must be oriented parallel to the rotation axis
of β, which is chosen as the X axis (see inset in Fig. 6.1).

To gain knowledge about the anisotropy, typically two measurements are performed,
one with mutually parallel pump and probe polarizations (∆OD∥), i.e., χ = 0◦, and
another one with perpendicular polarizations (∆OD⊥), i.e., χ = 90◦. Like above, it is
necessary to choose one of the polarizations parallel to the X axis to be able to maintain
the parallel configuration for any angle β (see Fig. 6.1). With the result of these two
recorded data sets the anisotropy

r =
∆OD∥ − ∆OD⊥

∆OD∥ + 2∆OD⊥
(6.2.2)

can be calculated. It allows for the determination of the angle between the participating
pump and probe TDMs if their degeneracy is known. For example, if the pumped and
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probed TDMs µpu and µpr, respectively, are non-degenerate, the angle

α = arccos
√

1 + 5r√
3

(6.2.3)

that they enclose [318] can be determined. However, in the general case the participating
TDMs are overlapping and/or degenerate such that a straightforward analysis is not
possible. Nevertheless, for special cases of degenerate TDMs an equivalent relation can
be given [315, 324, 330].

6.2.2 Light–matter interaction

The measured TA signal

∆OD(∆t, λ) =
∑
j

∆ODj(∆t, λ) =
∑
j

nV Pj(∆t, λ) (6.2.4)

of Eq. (6.2.1) can consist, at each wavelength, of several spectrally overlapping contri-
butions ∆ODj(∆t, λ) in the most general case. These are ground-state bleach (GSB),
stimulated emission (SE), excited-state absorption (ESA) or product absorption (PA),
as discussed in Sec. 3.2. As already mentioned in the introduction, here only isotropic
samples, e.g., randomly oriented molecules in solution, are considered. Furthermore, inter-
molecular interactions are neglected which is valid for sufficiently low concentrations [331].
Moreover, only the interaction of the sample molecules with the incoming laser pulses but
not the interaction with the signal emitted from other particles is considered. By utilizing
these assumptions, the macroscopic signal can be derived by multiplying the probability
Pj(∆t, λ) that a single molecule contributes to the signal, ∆ODj, with the particle density
n in the volume V that is illuminated by both the pump and the probe beam. Here, the
molecular system is described by the single-particle Hamiltonian

Ĥ = Ĥ0 + Ĥ
′
(t) (6.2.5)

consisting of an unperturbated, Ĥ0, and an interaction part, Ĥ
′
(t), given in dipole approx-

imation (confer Sec. 2.4.2) as
Ĥ

′
(t) = −µ · E(r, t). (6.2.6)

In this case, the spatial dependence on the left-hand side has been dropped in the single-
particle picture. Thus the probability Pj(∆t, λ) depends on the vector properties of the
electric dipole operator µ and the electric field E(r, t) in Eq. (6.2.6). Since the focus of
this chapter is the determination of orientation effects, exactly this vectorial dependence
is investigated.
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124 6 Generalized magic-angle conditions in pump–probe experiments

6.2.3 Electric field polarization

The electric field which interacts with the sample consists of two laser pulses. Each
laser pulse can be described in the temporal or spectral domain, as derived in Sec. 2.1.
Furthermore, as described in Sec. 2.3, both the envelope and the polarization vector of
an ultrashort laser pulse can depend on time t [332] and space r [see Eq. (2.3.3)]. Indeed,
one is able to generate such pulses with a polarization pulse shaper [58, 59]. However, in
typical TA experiments only laser pulses with static polarization states, as e.g. generated
with a broadband wave-plate, are utilized. Hence, in the following only laser pulses with
that property are considered.

Without loss of generality the laboratory Z axis is chosen as propagation direction of
the pump beam. Thus, the polarization vector

epu =

 cos(χpu)
eiδpu sin(χpu)

0

 (6.2.7)

lies in the XY plane perpendicular to the propagation direction, as depicted in Fig. 6.1.
The ratio of the polarization amplitudes in X and Y direction is described by the angle

χpu = arctan
(

|epu,Y|
|epu,X|

)
(6.2.8)

and the phase difference between the X and Y polarization components by the angle δpu.
The probe polarization in the laboratory frame

epr = RX(β)

 cos(χpr)
eiδpr sin(χpr)

0

 =

 cos(χpr)
eiδpr cos(β) sin(χpr)
eiδpr sin(β) sin(χpr)

 (6.2.9)

is described analogously, but in addition the rotation matrix RX(β) performs a rotation
about the laboratoryX axis with the angle β to take into account the different propagation
direction.

6.3 Transition-probability approach

To be able to determine Pj in Eq. (6.2.4), the transition probability (superscript “T”) is
calculated by using time-dependent perturbation theory

P
(T)
fi (t) = 1

~2

∣∣∣∣∫ t

t0
dτeiωfiτ Ĥ

′
fi(τ)

∣∣∣∣2 (6.3.1)
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|0〉
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|3〉

µ̃pu

µ̃pr

|2〉

∆t

Figure 6.2: Sketch of one possible pump–probe dynamic. The
pump pulse induces the first transition |0⟩ → |1⟩ and after the
evolution of the system |1⟩ → |2⟩ during the time ∆t, the sub-
sequent probe pulse causes the transition |2⟩ → |3⟩. Both tran-
sitions have their respective TDMs, µ̃pu and µ̃pr, which are ori-
ented in a certain direction, enclosing the angle α. Figure taken
from Ref. [4].

for a transition from an initial (|i⟩) to a final state (|f⟩) of a molecular system due to the
perturbative electric field of the laser pulses [333, 334] (confer Sec. 2.4.2). By utilizing
the interaction Hamiltonian from Eq. (6.2.6)

Ĥ
′
fi(τ) = ⟨f |Ĥ

′
(τ)|i⟩ = ⟨f | − µ · E(r, τ)|i⟩ (6.3.2)

= −µfi · E(r, τ) = −µfiµ̃fi · E(r, τ)

with the electric field of a single laser pulse E, the amplitude and the orientation of the
TDM µfi and µ̃fi, respectively, it is possible to derive the resulting transition probability

P
(T)
fi (t) = 1

4~2

∣∣∣∣µ̃fi · e
∫ t

t0
dτeiωfiτµfiE(r, τ)ei(k·r−ωτ) (6.3.3)

+ µ̃fi · e∗
∫ t

t0
dτeiωfiτµfiE

∗(r, τ)e−i(k·r−ωτ)
∣∣∣∣2 .

Furthermore, the transition probability can be simplified in the rotating-wave approxi-
mation in which the first of the two terms in Eq. (6.3.3) dominate near the resonance
ω → ωfi. For times t after the end of the laser-pulse interaction Eq. (6.3.3) simplifies
to the product of an orientation factor and an amplitude factor. While the amplitude
describes in fact the population evolution, which is the measurement signal, the goal of
this chapter is to find anisotropy-free conditions irrespective of those dynamics. Hence,
specifically the orientation factor

P
(T)
fi =

∣∣∣µ̃fi · e
∣∣∣2 (6.3.4)

that depends explicitly on vectorial properties, is considered. One can thus find, that
P

(T)
fi is proportional to the squared projection of the complex electric field polarization

vector e (confer Sec. 2.3.2) onto the normalized TDM direction µ̃fi.
In a TA experiment the system under investigation may behave as depicted in Fig. 6.2.

The pump excites the system from the initial (ground) state |0⟩ to an excited state |1⟩.
During time ∆t the system evolves from |1⟩ to |2⟩ before finally the probe pulse triggers
the transition from |2⟩ to |3⟩. One can use this representative signal path to derive
the orientation dependence of a single signal contribution Pj Eq. (6.2.4) without losing
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126 6 Generalized magic-angle conditions in pump–probe experiments

Figure 6.3: Visualization of the pump–probe TDM re-
lation. By assuming that the probe TDM of an excited
molecule is oriented in direction µ̃pr (red arrow), a pump
TDM pointing onto the blue circle must have been excited,
because all these pump TDMs enclose the angle α with the
probe TDM. Figure taken from Ref. [4].
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generality. With the help of Eq. (6.3.4), the transition probabilities

P (T)
pu =

∣∣∣µ̃pu · epu

∣∣∣2 , (6.3.5)

P (T)
pr =

∣∣∣µ̃pr · epr

∣∣∣2 , (6.3.6)

for both the pump and the probe interaction can be calculated. Throughout the subse-
quent derivation, the TDM directions (µ̃pu, µ̃pr) and the transition probabilities (P (T)

pu ,
P (T)

pr ) are labeled with the corresponding pulse rather than the involved states. Further-
more, it is assumed that the pump and the probe pulses can interact with different TDM
directions µ̃pu and µ̃pr, respectively, which enclose an arbitrary angle α.

The derivation of Pj in Eq. (6.2.4) is performed within three steps. In contrast to the
chronological order in Fig. 6.2, at first a probe TDM pointing in an arbitrary direction
(θ, ϕ) is considered and the probability Ppu that a corresponding pump TDM was excited
by the pump pulse is calculated. In a second step the probability P (T)

pr of probing an
excited molecule with such a probe TDM is determined. Finally, the results for Ppu and
P (T)

pr are combined to derive the total probability Pj for a single signal contribution.
To calculate Ppu the normalized pump and probe TDM directions µ̃pu and µ̃pr, respec-

tively, have to be defined. Here, arbitrary but real-valued TDMs which enclose an angle α
are assumed. The orientation of the TDMs is described in spherical coordinates with the
polar angle θ and the azimuthal angle ϕ. In the cartesian coordinate system of Fig. 6.1
the Z direction corresponds to θ = 0◦, the X direction to (θ = 90◦, ϕ = 0◦), and the Y
direction to (θ = 90◦, ϕ = 90◦). The probe TDM

µ̃pr(θ, ϕ) =

sin(θ) cos(ϕ)
sin(θ) sin(ϕ)

cos(θ)

 (6.3.7)

is pointing in the direction (θ, ϕ), which is depicted as red arrow in Fig. 6.3. The corre-
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sponding pump TDM must point to somewhere on the blue circle around µ̃pr because it
was assumed that the pump and probe TDMs enclose the angle α. Hence, all possible
pump TDM directions are described by choosing an initial element

µ̃pu,ini(θ, ϕ, α) =

sin(θ − α) cos(ϕ)
sin(θ − α) sin(ϕ)

cos(θ − α)

 (6.3.8)

which is rotated around µ̃pr by using the three-dimensional rotation matrix Rn(γ) which
rotates counter-clock-wise around the unit vector n by the angle γ. This approach results
in the pump TDM direction

µ̃pu(θ, ϕ, α, γ) = Rµ̃pr(γ)µ̃pu,ini(θ, ϕ, α). (6.3.9)

In the case of an isotropic sample, each of the pump TDMs on the blue circle in Fig. 6.3
contributes equally to the signal for a given µ̃pr, i.e., with the same probability. Therefore,
on each infinitesimal line element of the circle

dl = sin(α) dγ (6.3.10)

the pump TDMs point with the same orientation probability density (superscript “O”)
P (O)

pu given by
1

2π sin(α)
dl = 1

2π
dγ = P (O)

pu dγ. (6.3.11)

If the sample under investigation would exhibit a preferred direction due to an orientation
or alignment process before excitation [335–339], the probability distribution for µ̃pu
would depend on this direction. However, this case is not considered here.

By multiplying the orientation probability P (O)
pu of Eq. (6.3.11) with the transition

probability P (T)
pu of Eq. (6.3.5), inserting the pump TDM direction of Eq. (6.3.9) and the

pump polarization vector of Eq. (6.2.7), and integration over all possible pump TDMs
pointing on the blue circle the pump probability can be evaluated. The explicit result is
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Figure 6.4: Visualization of the pump distribution Ppu(θ, ϕ) for a LIN polarized pump pulse. If one
draws a vector with length Ppu(θ, ϕ) for each direction (θ, ϕ), as illustrated by the green arrows in the
left image, a three-dimensional surface is generated. This pump distribution Ppu(θ, ϕ) is depicted here
for a LIN polarized pump (χpu = 0◦, δpu = 0◦) for the cases of α = 0◦ (left) and α = 90◦ (right). Figure
taken from Ref. [4].

derived with Mathematica [340]

Ppu(θ, ϕ, α, χpu, δpu) =
∫ 2π

0
dγP (O)

pu P (T)
pu (6.3.12)

= 1
2π

∫ 2π

0
dγ|µ̃pu · epu|2

= 1
2π

∫ 2π

0
dγ| cos(χpu)[cos(θ) cos(ϕ) cos(γ) sin(α)

− cos(α) cos(ϕ) sin(θ) − sin(α) sin(ϕ) sin(γ)]
+ eiδpu sin(χpu)[cos(θ) cos(γ) sin(α) sin(ϕ)
− cos(α) sin(θ) sin(ϕ) + cos(ϕ) sin(α) sin(γ)]|2

= 1
8

sin2(α)[3 + cos(2θ) − 2 cos(2ϕ) cos(2χpu) sin2(θ)]

+ 1
8

sin2(θ)[1 + 3 cos(2α)] cos(δpu) sin(2ϕ) sin(2χpu)

+ 1
2

sin2(θ) cos2(α)[1 + cos(2ϕ) cos(2χpu)]

and depends on the chosen direction (θ, ϕ) for the probe TDM, the angle α between the
pump and probe TDMs, and the electric field polarization (χpu, δpu) of the pump pulse.

To illustrate the complex relation in Eq. (6.3.12) a vector for every probe TDM orienta-
tion (θ, ϕ), choosing the corresponding pump probability Ppu as its length, is drawn. The
heads of these vectors (Fig. 6.4, left, green) constitute a three-dimensional surface which
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Figure 6.5: Visualization of the pump distribution Ppu(θ, ϕ) for a circularly polarized pump pulse
(χpu = 45◦, δpu = 90◦) with α = 0◦ (left) and α = 90◦ (right). Figure taken from Ref. [4].
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Figure 6.6: Visualization of the pump distribution Ppu(θ, ϕ) for an elliptically polarized pump pulse
(χpu = −45◦, δpu = −70◦) with α = 0◦ (left) and α = 90◦ (right). Figure taken from Ref. [4].

illustrates the angular (θ, ϕ) distribution of the pump probability Ppu. Such distributions
are presented for a pump pulse propagating in the Z direction with linear (Fig. 6.4), circu-
lar (Fig. 6.5), and elliptical (Fig. 6.6) polarization. In each of the three above mentioned
figures the left image refers to an angle of α = 0◦ and the right image to an angle of
α = 90◦ between the pump and probe TDMs.

A LIN polarized (χpu = 0◦, δpu = 0◦) pump pulse leads to the commonly known
cos2 distribution for parallel (α = 0◦) and a torus-shaped distribution for perpendicular
(α = 90◦) TDMs, as visualized in Fig. 6.4. Mind that both distributions inherit the
symmetry of the three-dimensional polarization vector epu. For example, in the case of
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130 6 Generalized magic-angle conditions in pump–probe experiments

LIN polarization oriented along the X direction the distribution is rotationally symmetric
around the X axis and has mirror-plane symmetry with respect to the Y Z plane. If
the pump pulse is circularly polarized (χpu = 45◦, δpu = 90◦), the distribution exhibits
rotation symmetry around the propagation direction (Z axis) instead of the polarization
direction, as depicted in Fig. 6.5. Furthermore, the pump distribution shows mirror-
plane symmetry with respect to the XY plane [341, 342]. For elliptically polarized light
(χpu = 45◦, δpu = 70◦), depicted in Fig. 6.6, the pump distribution exhibits only XY
mirror-plane symmetry independent of α, but no rotation symmetry remains.

The second step of the above mentioned procedure is the insertion of the probe TDM
direction Eq. (6.3.7) and the probe polarization Eq. (6.2.9) into Eq. (6.3.6) to calculate
the probability

P (T)
pr (θ, ϕ, χpr, δpr, β) =

∣∣∣µ̃pr · epr

∣∣∣2 (6.3.13)
= | sin(θ) cos(ϕ) cos(χpr)

+ cos(θ) sin(χpr)eiδpr sin(β)
+ sin(θ) sin(ϕ) sin(χpr)eiδpr cos(β)|2

to probe an excited molecule with its probe TDM pointing into the chosen direction (θ, ϕ).
Again, each direction vector (θ, ϕ) with length P (T)

pr is used to construct a surface that
illustrates the probe distribution as depicted in Fig. 6.7 (left, red) for a LIN polarized
probe pulse.

In the third step, the probability that the probe TDM of a molecule points into the
chosen direction (θ, ϕ) is considered. In an isotropic sample this probability is independent
of any direction. Hence, the probe TDM points on each infinitesimal small area

dA = sin(θ) dθ dϕ (6.3.14)

of the unit sphere with the same orientation probability density P (O)
pr given by

1
4π

dA = 1
4π

sin(θ) dθ dϕ = P (O)
pr dθ dϕ. (6.3.15)

Finally, the pump probability Ppu Eq. (6.3.12) is multiplied with the probe orientation
probability P (O)

pr Eq. (6.3.15) and the probe transition probability P (T)
pr Eq. (6.3.13) and

an integration over all possible orientations (θ, ϕ) is performed. As a result one can derive
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Figure 6.7: Visualization of pump and probe distributions. The left side depicts the pump distribution
Ppu (blue, χpu = 0◦, δpu = 0◦, α = 0◦) and the probe distribution P

(T)
pr (red, χpr = −54.7◦, δpr = 0◦)

separately, whereas the right side illustrates the overlap distribution PpuP
(T)
pr . Figure taken from Ref. [4].

the probability

Pj(α, χpu, δpu, χpr, δpr, β) =
∫ 2π

0
dϕ
∫ π

0
dθPpuP

(T)
pr P (O)

pr (6.3.16)

= 1
60

{−2 cos2(χpr)[−3 + cos(2χpu)]

+ [7 − cos(2β) + 2 cos2(β) cos(2χpu)] sin2(χpr)
− 2 cos(β) cos(δpr) cos(δpu) sin(2χpr) sin(2χpu)}

+ 1
60

cos2(α){2 cos2(χpr)[1 + 3 cos(2χpu)]

+ [−1 + 3 cos(2β) − 6 cos2(β) cos(2χpu)] sin2(χpr)
+ 6 cos(β) cos(δpr) cos(δpu) sin(2χpr) sin(2χpu)}

that a single molecule contributes to the pump–probe signal ∆ODj only depending on
the angle α between the pump and probe TDMs, the electric field polarization of the
pump (χpu, δpu), and the probe pulse (χpr, δpr, β). The same result is derived in Sec. 6.4
by using Euler rotations. If multiple spectrally overlapping signals occur, it is necessary
to repeat the calculation above for all possible pump and probe TDMs combinations of
the involved signal paths and to sum the signals according to Eq. (6.2.4).

An exemplary graphical interpretation of Eq. (6.3.16) is presented in Fig. 6.7. The pump
generates an excited distribution whose shape is determined by the pump polarization and
the angle α (Fig. 6.7, left, blue). Likewise, the probe queries a distribution shaped by the
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132 6 Generalized magic-angle conditions in pump–probe experiments

probe polarization (Fig. 6.7, left, red). Thus, the probability Pj depends on the overlap
of these two distributions, i.e., the product of both distributions (Fig. 6.7, right, green)
over which one has to integrate.

The dependence on the angle α of the pump-induced distribution Ppu connects the prob-
ability Pj to the molecular structure. This property can be exploited to extract structural
information from anisotropy measurements. However, it is also possible to suppress the
structure dependence of the measurement signal and thus to extract information on pure
population dynamics, i.e., a magic-angle configuration. Hence, to find magic-angle con-
figurations for arbitrarily polarized pump and probe pulses, the α dependence of the
probability Pj has to vanish. By applying this condition to Eq. (6.3.16), this is the case
for each configuration that fulfills

{ 2 cos2(χpr)[1 + 3 cos(2χpu)] (6.3.17)
+[−1 + 3 cos(2β) − 6 cos2(β) cos(2χpu)] sin2(χpr)

+6 cos(β) cos(δpr) cos(δpu) sin(2χpr) sin(2χpu) } = 0,

because only the second term in Eq. (6.3.16) depends on α. Equation (6.3.17) is the
central result of this chapter, as it provides the most general magic-angle condition for
arbitrary excitation geometry and static polarizations for pump and probe pulses. Hence,
after introducing the Euler-rotation approach in the following section, selected examples
for particular realizations of Eq. (6.3.17) and their relation to the known magic-angle
limiting cases will be discussed.

6.4 Euler-rotation approach

To validate the correctness of the rotational averaging procedure in the previous section,
in the following, an alternative approach using Euler rotations is introduced. Again,
arbitrary but real-valued TDMs

µ̃pu(ϕ, θ, γ) = R(ϕ, θ, γ)

0
0
1

 , (6.4.1)

µ̃pr(ϕ, θ, γ, α) = R(ϕ, θ, γ)RY (−α)

0
0
1

 , (6.4.2)

which enclose an angle α are assumed. Here, the TDMs are modeled with the help of a
rotation matrix RY which rotates the initial vector around the Y axis. Furthermore, the
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6.5 Generalized magic-angle condition for transient absorption 133

Euler rotation matrix [86]

R(ϕ, θ, γ) = RZ(ϕ)RY (θ)RZ(γ) (6.4.3)

allows to choose an arbitrary orientation. By applying the definition of the pump and
probe TDM directions [Eqs. (6.4.1) and (6.4.2)] and electric field polarization vectors
[Eqs. (6.2.7) and (6.2.9)] to the corresponding equations of the transition probability
[Eqs. (6.3.5) and (6.3.6)] and subsequently performing rotational averaging [343–348],

Pj = 1
8π2

∫ 2π

0
dϕ
∫ π

0
dθ
∫ 2π

0
dγP (T)

pu P (T)
pr sin(θ), (6.4.4)

over the product of the pump and probe transition probabilities, one is able to calculate
the probability Pj. The result is the same as in Eq. (6.3.16), which shows that the
previously introduced transition-probability approach is indeed valid.

6.5 Generalized magic-angle condition for transient

absorption

As derived above, an anisotropy-free pump–probe TA measurement requires an experi-
mental configuration in which the pump polarization (χpu, δpu), the probe polarization
(χpr, δpr), and the probe direction angle β fulfill the magic-angle condition Eq. (6.3.17).
In the following, this condition is investigated further. Remarkably, the phase differences
δpu and δpr occur only in the last of the three terms of Eq. (6.3.17). Hence, if one demands
for this term

cos(β) cos(δpr) cos(δpu) sin(2χpr) sin(2χpu) = 0, (6.5.1)

the remaining magic-angle condition

{ 2 cos2(χpr)[1 + 3 cos(2χpu)] (6.5.2)
+[−1 + 3 cos(2β) − 6 cos2(β) cos(2χpu)] sin2(χpr) } = 0

is valid for any phase difference δpu and δpr, i.e., it is valid for any ellipticity that can
be achieved for a given angle χpu and χpr. These angles still have to fulfill Eq. (6.5.2).
Equation Eq. (6.5.1) offers five possibilities for how any dependence of Eq. (6.3.17) onto
the phase differences δpu and δpr can be eliminated.

Case 1: The amplitude ratio of the pump χpu can be set to 0◦ leading to sin(2χpu) = 0.
This corresponds to selecting a LIN polarization of the pump pulse along the X
axis and it is thus intuitively clear that the phase difference δpu is not relevant if
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the pump polarization consists only of an X component. The resulting rotation
symmetry with respect to the X axis (see Fig. 6.4) cancels the β dependence and
simplifies Eq. (6.5.2) to

χpr = arccos
(

1√
3

)
≈ 54.7◦. (6.5.3)

For a LIN polarized probe pulse (δpr = 0◦), this is the well-known magic-angle
condition [311]. Furthermore, the condition is also valid for an elliptical polarized
probe pulse with any phase difference δpr, because the δpr dependence vanishes
from the derived general magic-angle condition Eq. (6.3.17) due to fulfillment of
Eq. (6.5.1).

Case 2: It is also possible to choose the probe polarization to be parallel to the X
axis, χpr = 0◦, such that sin(2χpr) = 0 to fulfill Eq. (6.5.1). Due to the rotation
symmetry with respect to the X axis, the β dependence vanishes. Hence, in that
case the phase difference δpr is not relevant because the probe polarization consists
of an X component only. Equation (6.5.2) thus simplifies to

χpu = arccos
(

1√
3

)
≈ 54.7◦. (6.5.4)

Similar to the first case, for LIN polarized pump pulses, δpu = 0◦, this approach also
results in the well-known magic-angle condition and the derived general approach
extends this condition to elliptically polarized pump pulses with an arbitrary phase
difference δpu.

Case 3: If the pump polarization is chosen to be parallel to the Y axis, χpu = 90◦,
such that sin(2χpu) = 0 it is also possible to fulfill Eq. (6.5.1). Again, the phase
difference δpu is not relevant since there is only a polarization component along the
Y direction. In contrast to the first two cases, the configuration shows no rotation
symmetry around the X axis and β does not vanish, but is connected to χpr via the
magic-angle condition

− 1 − 3 cos(2χpr) + 6 cos(2β) sin2(χpr) = 0 (6.5.5)

that remains from Eq. (6.5.2). It is again valid for elliptically polarized probe pulses
with any phase difference δpr.

Case 4: By choosing a horizontal probe polarization located in the Y Z plane, χpr = 90◦,
such that sin(2χpr) = 0. Without the vertical X part, the polarization does again
not depend on the phase difference δpr. Similar to case 3, the rotation symmetry
with respect to the X axis vanishes. Hence, here the angle β is connected to χpu
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via the magic-angle condition

− 1 + 3 cos(2β) − 6 cos2(β) cos(2χpu) = 0 (6.5.6)

remaining from Eq. (6.5.2), which is valid for an elliptically polarized pump pulse
with an arbitrary phase difference δpu.

Case 5: The last option to fulfill Eq. (6.5.1) for any δpu and δpr dependence is to set
β = 90◦, leading to cos(β) = 0. This experimental configuration is not very useful
for thin-film capillaries used in most liquid-phase TA measurements although it may
be an option in the gas phase. The magic-angle condition Eq. (6.5.2) simplifies to

− 1 + 3 cos(2χpr) + 6 cos2(χpr) cos(2χpu) = 0 (6.5.7)

in this case and is valid for elliptically polarized pump and probe pulses with any
phase difference δpu and δpr, respectively.

For the first two cases discussed above, the polarizations of the pump and the probe
pulses are given by the magic-angle conditions Eq. (6.5.3) and Eq. (6.5.4), respectively. In
these two cases, it is possible to set an arbitrary phase difference δpr or δpu, respectively,
but the amplitude-ratio angle is determined by the magic angle of arccos(1/

√
3) ≈ 54.7◦.

To realize a magic-angle configuration for an arbitrary pump or probe polarization, one
must choose an option of cases 3-5. If one, e.g., wants to excite the system under study
with an arbitrarily polarized pump pulse in the common nonperpendicular geometry, case
4 would lead to an anisotropy-free configuration. Hence, by solving Eq. (6.5.6) for β this
results in

β = ± arccos 1√
3| sin(χpu)|

(6.5.8)

and connects the amplitude ratio χpu of the pump to the propagation angle β. Exactly this
relationship is visualized in Fig. 6.8 (black solid line) and three special cases of Eq. (6.5.8)
are shown as colored plot markers, which will be discussed in the following.

� For collinear propagation along the Z direction (β = 0◦) of pump and probe pulses,
the amplitude ratio becomes χpu = 35.3◦ (Fig. 6.8, �). Subtracting both amplitude-
ratio angles,

χpr − χpu = 90◦ − 35.3◦ = 54.7◦ = χMA, (6.5.9)

reveals that the angle of 35.3◦ is the well-known magic angle, but in this case
measured with respect to theX axis instead of the Y axis. However, this is only valid
for a collinear geometry (β = 0◦) while in the more common noncollinear geometry
(β > 0◦) it is necessary to adjust the angles β and χpu according to Eq. (6.5.8). For
example, if one chooses β = 5◦ an angle of χpu ≈ 35.4◦ is required. Thus, in contrast
to cases 1 and 2 mentioned above, it is not sufficient to rotate the polarization of
only one of the pulses by 54.7◦ to achieve the magic-angle configuration if one starts
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136 6 Generalized magic-angle conditions in pump–probe experiments

Figure 6.8: Generalized magic-angle condi-
tion. The relationship [confer Eq. (6.5.8)] be-
tween the angle β and the amplitude ratio χpu

of the pump polarization vector for an arbitrar-
ily polarized pump pulse and a probe pulse with
LIN polarization in the Y Z plane (χpr = 90◦)
is visualized by the solid black curve. Below
χpu = 35.3◦ no solution of Eq. (6.5.8) exists and
therefore no magic-angle configuration can be de-
rived. The colored markers highlight three spe-
cial cases: Circular ( ) pump polarization and
LIN pump polarization for collinear (�) and non-
collinear (�) configuration. Figure taken from
Ref. [4].
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with horizontally LIN polarized pump and probe pulses (χpu = 90◦ and χpr = 90◦),
because of the lacking rotation symmetry around the X axis.

� In the second special limit of case 4, a LIN polarized pump pulse (δpu = 0) whose
polarization is lying in the Y Z plane (χpu = 90◦) results in an angle β = 54.7◦

(Fig. 6.8, �).

 The last special case which will be discussed here is the one for circularly polarized
pump pulses (χpu = 45◦, δpu = π/2). In that case, one can derive an angle of
β = 35.3◦ = 90◦ − χMA (Fig. 6.8,  ) which is already known in literature [329] for
transient circular dichroism experiments.

Moreover, as one can deduce from Fig. 6.8 directly, below an amplitude ratio of χpu =
35.3◦ = 90◦ − χMA no solution exists for the chosen limitation of a LIN polarized probe
pulse (δpr = 0◦) located in the Y Z plane (χpr = 90◦) and thus no magic-angle configuration
can be derived. Hence, the above derived relation between β and χpu is the generalized
magic-angle condition which generalizes the known anisotropy-free condition of LIN and
circularly polarized pulses (colored plot markers in Fig. 6.8) to elliptically polarized pulses
(solid black line in Fig. 6.8).

The signal which fulfills Eq. (6.5.1) is not depending on the phase difference δpu by
design. Since this results was derived from the third-order interaction within the electric
dipole approximation, any remaining experimentally detected presence of a δpu-dependent
signal indicates either higher-order interactions or violation of the electric dipole approx-
imation. Hence, with such an experimental arrangement one gains access to detect ex-
clusively signals of fifth- or higher-order interaction. Furthermore, it can be used as a
sensitive probe for nondipolar transitions like chiral signals [334] (confer Sec. 2.4.2.
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6.6 Conclusion

In this chapter, two approaches for calculating magic-angle conditions in third-order spec-
troscopy of isotropic molecular samples were discussed. It was shown, that even for el-
liptical polarizations and arbitrary propagation directions of pump and probe, it is still
possible to obtain a generalized magic-angle condition. The known cases for linear and cir-
cular polarizations in literature are limiting cases of the derived condition. The generality
of the approach enabled furthermore the investigation of the influence of the pump and
probe propagation directions onto the magic-angle configuration and allows for calculation
of corrected magic angles in noncollinear geometries.

In addition, magic-angle configurations under which the measured third-order signal
does not depend on the phase differences between the polarization components of the
pump δpu and/or the probe pulse δpr could be presented. Thus, if in such an experimental
configuration e.g. a δpu-dependent signal occurs, it results either from a higher-order
interaction or the electric dipole approximation is violated. Such a signal could hence be
isolated by polarization phase cycling of the phase difference δpu.

Furthermore, the knowledge about the results of this chapter are crucial for any
chirality-sensitve spectroscopic approach. Due to the small signal magnitude in such
experiments the exclusion of anisotropy contributions is crucial for substantial results.
Hence, the already known magic-angle condition for circular dichroism spectroscopy will
be used in Chapter 9. Moreover, for further experiments towards chiral quantum con-
trol the knowledge about anisotropy-free conditions for arbitrary polarization states, as
derived above, are very important.
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Chapter 7

Optical rotation accumulative

spectroscopy with ultrafast time

resolution

While the previous two chapters of this thesis dealt with pump–probe spectroscopy, in
the following the detection of optical rotation changes via polarimetry is presented. This
is one of the two spectroscopic approaches to elucidate chiral properties of molecular
systems which are introduced within this thesis. As mentioned already in Sec. 2.4.3,
several techniques are capable of detecting chirality-sensitive signals. In the case of op-
tical probing of ultrafast changes in chirality typically either circular dichroism (CD) or
optical rotation dispersion (ORD), as introduced in Sec. 2.4.3, are utilized. However,
both effects exhibit only a weak response (confer Sec. 2.4.2) and thus only few tech-
niques were developed to tackle this issue. Up to now, predominantly circular dichroism
spectroscopy [105, 114–119, 121, 123–125, 237] and only few approaches utilizing optical
rotation detection [114–116, 237] were introduced. Presumably this is due to the fact that
the optical activity of chiral molecules is an inherently tiny effect and thus large optical
path lengths in the range of centimeters and high sample concentrations are commonly
employed to reach measurable optical rotation angles. Such conditions are however dis-
advantageous for ultrafast spectroscopy, especially if one wants to apply pulse-shaping
techniques, where small volumes and short path lengths are needed to achieve high inten-
sities for nonlinear excitations and to avoid pulse distortion upon propagation through
the sample.

Thus, in the course of this thesis a polarimeter, based on heterodyne interferometry and
femtosecond accumulative spectroscopy, which is fast and sensitive enough to overcome
the mentioned complications was developed. A detailed description of the aligning and
built-up can be found in Ref. [62] while the mode of operation and achievable resolution
was already discussed in Sec. 4.1. In contrast to the above mentioned literature examples
which probe ultrafast changes of the chiral state of molecules, the approach in this chapter
detects optical rotation changes due to a stable photoproduct which is generated with the
help of fs laser pulses. Within this chapter not only the enantiodifferentiating capability
but also the ultrafast time resolution of the polarimeter will be demonstrated explicitly.
The presented results were published in Ref. [1].

A. Steinbacher: Circular dichroism and accumulative polarimetry of chiral femtochemistry

Dissertation, Universität Würzburg, 2015



7.1 Motivation 139

7.1 Motivation

Whereas circular dichroism is only reasonably large close to an absorption band, opti-
cal rotation is very attractive as a probe signal because it is non-zero even energetically
far away from the adjacent absorption, i.e., the molecules can be probed without being
electronically excited. It is further directly coupled to the molecular structure [113] and
enantiodifferentiating in its sign. High-precision polarimeters generally do not have their
focus on detection speed [221], since stationary products are observed with isotropic spa-
tial distribution. Integration times up to minutes yield very high precision [224, 225],
as used for example in high-performance liquid chromatography detectors. Polarimeters
based on heterodyne detection translate the optical rotation into a phase difference, which
can be detected faster. Here, the heterodyne detection method of Lee and Su [217] as
basis for our polarimeter since it is common-path and therefore does not require the
interferometric stability of related setups [227–229] (confer Sec. 4.1.2).

The utilized setup is described in detail in Sec. 4.1 and allows to detect optical rota-
tion changes as well as absorption changes, triggered by femtosecond pump pulses, at the
same time. This affords femtosecond laser spectroscopy with rapid and precise detection
of optical rotation angles as well as linear absorption. In the employed accumulative
scheme, a train of femtosecond laser pulses interacts with the same sample volume such
that photochemical effects are accumulated, as presented in Sec. 4.1.1. This accumulative
scheme yields higher product concentration while maintaining the femtosecond time reso-
lution by the use of pump pulse pairs with adjustable time delay [216, 218], as is explicitly
demonstrated in Sec. 7.4.

7.2 Chemical model system: alkyl aryl sulfoxide

For testing the feasibility of the presented polarimeter probe alkyl aryl sulfoxides, namely
R-(+)-methyl p-tolyl sulfoxide (CAS Number 1519-39-7) and S-(-)-methyl p-tolyl sul-
foxide (CAS Number 5056-07-5), were used. Alkyl aryl sulfoxides, in the enantiopure
form, are important as bioactive compounds, synthetic intermediates, and ligands for the
asymmetric synthesis [349]. It is even possible to synthesize such molecules nearly enan-
tioselectively with the help of asymmetric synthesis [350]. However, for this work the
focus of interest lies on the optical properties of such molecules. Seminal work was per-
formed by Mislow et al. [351, 352] who investigated the chiroptical properties of a series
of alkyl aryl sulfoxides. The sulfoxide molecule used in this work is substituted at the
para position of the phenyl ring with a methyl group and possesses the same substituent
at the sulfur atom as at the phenyl ring (see Fig. 7.2).

The linear absorption spectrum of the molecules is shown in Fig. 7.1a. The band around
λ ≈ 250 nm can be assigned to a σ → σ∗ transition, related to a conjugated sulfoxide
chromophore [349]. Furthermore, Rossini et al. conclude that the sulfur atom acts as
an electron donor moiety towards the phenyl ring, due to an overlap of the orbitals
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Figure 7.1: (a) Linear absorption spectrum of methyl p-tolyl sulfoxide with a concentration of [c] =
0.1 mMol. (b) Optical rotation dispersion (green) of the used sulfoxide molecules (R-enantiomer) for an
optical path length of 1 mm and a concentration of γ = 2 mg/ml by using acenotrile as solvent. The
black curve shows a fit to the recorded ORD data by using Eq. (2.4.30). The deviation of data and fit
for wavelengths smaller than λ = 350 nm is clearly visible.

2 p(C)–3 sp3(S) [349]. As already mentioned, the optical properties of sulfoxides have
been investigated in detail. Thus, the specific rotation for the used molecule can be
found in literature [113, 351]: [α] 20◦C

589 nm = ±145 ◦ in acetone (positive sign for the R-
enantiomer, negative sign for the S-enantiomer). Hence, with the help of the Drude
equation [Eq. (2.4.30)] one is thus able to calculate the optical rotation at the utilized
experimental parameters at least approximately. Hence, for a mass concentration of
γ = 2 mg/ml, which corresponds to a molar concentration of [c] = 13 mMol/L, the optical
rotation at 405 nm for a path length of l = 250 µm (confer Sec. 4.1.3) is α = ±2 mdeg.
However, influences like temperature and the solvent environment can change the exact
value slightly. Hence, the optical rotation of the used sulfoxide molecules was measured
also with a commercial polarimeter (JASCO Circular Dichroism Spectropolarimeter J-
815) and the result is presented as green curve in Fig. 7.1b. Additionally, a fit with
Eq. (2.4.30) by assuming an electronic transition at λj = 245 nm to the ORD data is
presented (black curve in Fig. 7.1b), revealing a good agreement for wavelengths larger
than λ = 350 nm. The deviation for smaller wavelengths is explicable due to the electronic
transition around λ ≈ 250 nm (see Fig. 7.1b). Since the literature value for the optical
rotation is given at a wavelength of λ = 589 nm and the optical rotation is probed at
λ = 405 nm in the presented setup, the extrapolation is valid for purposes of this work.
From Fig. 7.1b one can see that at 405 nm the optical rotation is approximately 8 mdeg
for a path length of 1 mm and a concentration of γ = 2 mg/ml in acetonitrile. Since the
utilized polarimeter exhibits only an optical path length of l = 250 µm the experimental
determined value equals the above theoretically calculated one. Thus, the influence of the
different solvent (acetone vs. acetonitrile) is negligible.

As mentioned in the introduction and in Sec. 4.1 the utilized polarimeter detects optical
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Figure 7.2: Schematic representation of the used photochemical reaction. Due to UV irradiation with
267 nm laser pulses, the bond between the sulfur atom and the methyl-group breaks, leading to two
non-chiral photoproducts. The α-cleavage results in a methyl and a sulfoxide radical. Whereas the R-
(left) and S-enantiomer (right) are optically active, the photoproducts posses mirror-plane symmetry and
thus lead not to an optical rotation.

rotation changes due to the formation of a stable photoproduct. Hence, to change the
optical rotation the sample under investigation must change its chirality. In the case
of the utilized p-tolyl methyl sulfoxide the excitation with UV laser pulses leads to an
α-cleavage to a methyl and a sulfoxide radical, as presented in Fig. 7.2 [353]. The non-
chirality evolves in this case, since the missing methyl group leads to the possibility that
substitution of the sulfur atom can be inverted with less energy. The exact reaction
pathways are very complex, since the photoproducts themselves are able to absorb the
same UV-light, and can undergo thermally induced reactions. However, these reaction
pathways have in common that the products are not chiral [353].

7.3 Exemplary optical rotation change data

As described in detail in the previous section, irradiation of methyl p-tolyl sulfoxide with
UV light leads to bond cleavage at the stereogenic center (the sulfur atom) and therefore
to two non-chiral products (confer Fig. 7.2) [353]. Thus, the absolute magnitude of the
rotation angle of the solution decreases when starting with either of the two enantiomers.
We probe the optical rotation of R-(+)-methyl p-tolyl sulfoxide with the setup described
in Sec. 4.1 (confer Fig. 4.5) and obtain the typical data shown in Fig. 7.3a. During the
waiting step (blue), i.e, before illumination, a constant signal is acquired, referring to zero
optical rotation change. At t = 0 (left vertical line in Fig. 7.3a) the pump shutter opens
and the illumination with 267 nm femtosecond laser pulses starts. During this exposure
step (red) the optical rotation decreases rapidly due to the photodecomposition of the
chiral reactant taking place. After the end of illumination (the pump shutter is closed
at the right vertical line in Fig. 7.3a), i.e., during the diffusion step (green), reactant
molecules diffuse into the probe volume, and product molecules diffuse out of the probe
volume. This process increases the optical rotation angle again. Note that the diffusion
effect persists as well in the red part of the curve while the pump shutter is open. Hence,
the final value of the exposure step (t = 3 s) refers to an equilibrium between the diffusion
and the destruction of reactant molecules by the femtosecond laser pulses. The value at
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Figure 7.3: (a) Optical rotation measurement for the R-enantiomer in acetonitrile with a concentration
of γ = 2 mg/ml, a sampling rate of 100 Hz and a lock-in amplifier time constant of TLIA = 100 ms. The
data are plotted in blue, red, and green corresponding to the colors of the time intervals introduced in
Fig. 4.6. The two vertical black lines indicate the time window during which the pump shutter is open.
A fit (black dashed line), with the model introduced in Sec. 4.1.1, is presented. (b) Optical rotation
measurements for the S-enantiomer in acetonitrile with concentrations of c = 4 mg/ml (dashed) and
c = 2 mg/ml (solid), a sampling rate of 100 Hz and a lock-in amplifier time constant of TLIA = 100 ms.
Figure taken from Ref. [1].

the end of the diffusion step (t = 6.5 s) would be close to the initial optical rotation value
due to diffusion, if the waiting time after illumination were long enough and if the pump
volume were in contact with an infinite reservoir of the intact reactant.

Literature values for the specific rotation of the molecule in question state a positive
optical rotation angle for the R-enantiomer, as derived in Sec. 7.2. Photodecomposition of
the R-enantiomer therefore should lead to a decrease in optical rotation, and this is indeed
what is observed in Fig. 7.3a. For comparison, also the optical rotation change starting
with the other enantiomer, S-(-)-methyl p-tolyl sulfoxide, is recorded. The obtained data
is shown in Fig. 7.3b for two different concentrations γ = 2 and 4 mg/ml. As expected,
the optical rotation change is of opposite sign.

Having confirmed qualitatively that the polarimeter setup can be used to measure
optical rotation changes, in the following it will be discussed how to extract rotation
angles quantitatively. For this purpose, the expected optical rotation for this molecule,
as derived in Sec. 7.2 is compared to the experimental data. If all chiral molecules within
the pump volume are destroyed by the femtosecond pulse train in the experiment of
Fig. 7.3a, an optical rotation change of ∆α = −2.0 mdeg is expected for a concentration
of γ = 2 mg/ml (confer Fig. 7.1b). Instead, the observed value for ∆α ≈ −1.7 mdeg is
slightly lower (Fig. 7.3a). Similarly, for the S-enantiomer (Fig. 7.3b) one can observe at the
concentrations γ = 2 and 4 mg/ml maximal optical rotation changes of ∆α ≈ +1.8 and
+3.8 mdeg, respectively, again nearly corresponding to the expectations from steady-state
optical rotation. The fact that the observed values do not match exactly the expected
∆α values is explicable by diffusion due to which not all molecules are destroyed, but
an equilibrium between diffusion and destruction evolves. However, with the calibration
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Figure 7.4: Linear absorption spectra of
methyl p-tolyl sulfoxide before (blue solid line,
identical data is also presented in Fig. 7.1) and
after illumination (blue dashed line) with a con-
centration of γ = 0.015 mg/ml and acetoni-
trile as solvent. The linear absorption spectrum
for the used sulfoxide molecules shows an ab-
sorption band at λmax = 245 nm, whereas for
small wavelengths the influence of the solvent is
dominant. After UV irradiation, the sulfoxide
molecules break at the stereogenic center, result-
ing in two non-chiral fragment products, as dis-
cussed in Sec. 7.2. These photoproducts lead to a
non-zero absorption in the region around 325 nm
(blue dashed curve). The red curve shows the
linear absorption change of an accumulative fem-
tosecond experiment with the R-enantiomer and
γ = 2 mg/ml in acetonitrile at a sampling rate
of 50 Hz. Figure taken from Ref. [1].

model introduced in Sec. 4.1.1 a quantitative analysis is possible as will be shown in detail
in Secs. 7.3.1 and 7.3.2. One can therefore conclude that the presented polarimeter can
accurately measure optical rotation.

Besides the optical rotation data also linear absorption spectra of the molecules in
the spectral range from 275 to 400 nm are recorded. The absorbance change ∆A(λ),
exemplarily shown in Fig. 7.4 as a red line is calculated as ∆A = log10 (I0/I) (confer
Sec. 3.2.2), with I being the averaged intensity from t = 2.9 s to t = 3 s and I0 being the
averaged intensity from t = −0.1 s to t = 0 s.

To confirm the results of the linear absorption measurement a sample solution (5 mm
thickness) was illuminated with a UV lamp for approximately one hour and the absorption
spectra before and after illumination were recorded with a UV-VIS spectrometer (Hitachi,
U-2000). The blue solid line in Fig. 7.4 shows the absorption spectra before illumination,
whereas the blue dashed curve shows the linear absorption spectra after illumination.
The photoreaction leads to a non-zero absorption in the region above 300 nm, which is
also present in the result of the measurements in the accumulative setup (red curve in
Fig. 7.4).

After the bond cleavage, the products may further undergo secondary reaction steps,
e.g. interact with the femtosecond pump pulses once more. Since these reactions and
their characteristic time scales are unknown, a quantitative comparison of the ∆A value
measured within a few seconds and the changes in the linear absorption spectrum after
one hour of illumination is not appropriate. Nevertheless, one can conclude from these
data that a reaction decomposing the chiral molecules has taken place in both cases, i.e.,
under steady-state conditions and under accumulative conditions. The latter is directly
confirmed by the linear absorption probe measurement. However, since linear absorption
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Figure 7.5: (a) Fitting result (solid curves) [Eq. (4.1.10)] and experimental data (crosses), recorded
with 100 Hz, of the exposure part. The global fit results in a linear relationship of η and the pump
power [see (b)]. With a concentration of γ = 6 mg/ml of S-(-)-methyl p-tolyl sulfoxide in acetonitrile,
the expected optical rotation ∆α change of ≈ 5.0 mdeg is achieved only in the case of 1.0 µJ. In the
case of lower intensities an equilibrium at smaller optical rotations is obtained. (b) Dependence of the
fit parameter η on the pulse energy as given by the global fit to the experimental data in (a) (blue), and
dependence of the optical rotation change ∆α on the pulse energy (red). To corroborate that the two
graphs do not form two straight lines, their ratio is shown as an inset (note the scale). Figure taken from
Ref. [1].

is not enantiodifferentiating, the further discussion will concentrate on the polarimeter
probe measurements.

In the following, two applications serve as illustrations of the polarimeter and data
model. First, the photoconversion efficiency η is investigated by varying the excitation
pulse energy and second, the influence of the diffusion rates dpu and dpr (confer Eq. (4.1.10)
in Sec. 4.1.1) is studied by varying the solvent.

7.3.1 Pulse-energy variation

A solution of S-(-)-methyl p-tolyl sulfoxide molecules in acetonitrile with a concentration
of γ = 6 mg/ml is utilized. This solution is irradiated with 267 nm fs pulses with pulse
energies from 0.4 to 1.0 µJ and the change in optical rotation is monitored as a function
of time during exposure (Fig. 7.5a). Since the S-enantiomer is used, the optical rotation
change is positive during illumination. For the highest pulse energy, the observed optical
rotation change is close to the theoretical maximum optical rotation change of 6.0 mdeg.
In the case of lower pulse energies the equilibrium is reached at smaller optical rotations.
The parameters of the model [Sec. 4.1.1, Eq. (4.1.10)] are obtained via global fitting to
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solvent dpu [s−1] dpr [s−1]
acetonitrile 3.5739 4.4795
isopropanol 1.9789 1.8191

Table 7.1: Dependence of the diffusion rates dpu and dpr on the solvent.

all experimental data sets of Fig. 7.5a). This results in only one value for α0 = 6.09 mdeg
and dpu = 3.09 s−1 for all curves, since nothing except the pulse energy was changed.
Hence, only the parameter η is allowed to vary between the different curves in Fig. 7.5a,
but still the experimental data is described well with the model.

The obtained conversion efficiencies are presented in Fig. 7.5b (blue) and reveal a nearly
perfect linear relationship with the pulse energy. Furthermore, in Fig. 7.5b (red) the
reached optical rotation change ∆α for each pulse energy is presented. For increasing
pulse energies, the optical rotation change ∆α increases slower than the value for the
photoconversion efficiency η. Hence, for even higher pulse energies the value for ∆α
will saturate, while the value for η should still increase linearly. Note that the pump
diameter is 200 µm (confer Sec. 4.1.3) making multiphoton process contributions unlikely.
This non-linear rise of ∆α with the pulse energy meets the expectation, since at a given
pulse energy all molecules in the probe volume are destroyed, limiting the optical rotation
change ∆α to a maximum value, whereas η in a good approximation scales linearly with
the pulse energy.

7.3.2 Solvent variation

To study the impact of solvent viscosity, the two solvents acetonitrile and isopropanol are
compared for the R-enantiomer with a concentration of γ = 2 mg/ml at a pulse energy
of 0.8 µJ. Thus, except for the solvent, all other experimental parameters are identical.
The results for the diffusion rates of the fits are listed in Tab. 7.1. The diffusion rates of
acetonitrile are larger than those of isopropanol, which is a direct consequence of acetoni-
trile having a smaller viscosity (ηv = 0.369 mPa s) than isopropanol (ηv = 2.038 mPa s)
[354]. This result does not only show the applicability of the derived model, but also that
the right calibration, i.e., the determination of the diffusion rates, is crucial to extract
quantitative information from accumulative femtosecond spectroscopy experiments. Note,
although not differing drastically, that these values cannot be compared directly to the
values obtained in the preceding section because a different concentration was employed
and the spatial overlap of the pump and the polarimeter beam was slightly changed. The
calibration process should thus be carried out for each arrangement such that the desired
photoconversion efficiency can always be extracted from the experiment.
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Figure 7.6: (a) Sketch of the setup used to introduce the time delay between the pump pulse pair. For
the measurement of the cross-correlation a SFG crystal is included after the second dichroic mirror. (b)
Comparison of the cross-correlation and the polarimeter measurement with two pump pulses. The shape
of both curves are nearly identical, as can be seen from the two Gaussian fits. The data are vertically
offset for clarity; note the different ordinates. Figure taken from Ref. [1].

7.4 Femtosecond time resolution

As mentioned before, the accumulative spectroscopy technique allows for femtosecond
time resolution by using a pair of pump pulses [216, 218] which are delayed with respect
to each other. To verify this also for the optical rotation detection of the present work, the
maximum time resolution achievable with the employed laser system (confer Sec. 3.1.1)
is determined by initiating the photoreaction of Fig. 7.2 via a non-resonant absorption of
two photons of different color. The optical rotation signal as a function of the time delay
within the pump pulse pair reflects the time resolution of the setup and ideally would
follow the cross-correlation of the pump pulse pair.

To generate a pair of pump pulses with different central frequencies, a fraction of the
800 nm laser output of the laser system described in Sec. 3.1.1 is frequency-doubled in a
β-barium borate crystal (BBO, thickness 200 µm, cut at 29.2◦), yielding 400 nm pulses.
The fundamental and frequency-doubled beams are separated in a Mach-Zehnder-type
setup Fig. 7.6a. While the 400 nm beam path is kept fixed, the delay ∆τ is introduced
via a computer-controlled linear stage which de- or increases the length of the beam path
of the 800 nm beam. A half-wave plate is included in the 400 nm beam to achieve parallel
polarizations. The beams can be attenuated separately with the help of two neutral
density filter wheels Fig. 7.6a and are finally weakly focused into the capillary of the
polarimeter at a diameter of ≈ 250 µm. For the 400 nm beam a pulse energy of 5 µJ
is used while the 800 nm beam is adjusted to 4 µJ, so that the photoreaction does not
occur measurably via multiphoton absorption from either only the 400 nm or the 800 nm
pulses. The measurement is identical to the description in Sec. 4.1.3 except that instead of
a train of pulses now a train of pulse pairs is used. Thus, a measurement curve analogous
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to Fig. 7.3 is recorded for every time delay ∆τ of the pump pulse pair. The maximum
optical rotation change, i.e., the averaged optical rotation change for 2.5 s ≤ t ≤ 3.0 s, is
then plotted as a function of ∆τ .

The result of an experiment with the S-enantiomer (c = 5 mg/ml, TLIA = 100 ms,
sampling rate 100 Hz) is shown in Fig. 7.6b (blue plus signs). A strong change in optical
rotation is evident if the pulses of the pump pulse pair overlap temporally. To determine
∆τ = 0 and to record the cross-correlation (red crosses in Fig. 7.6b) another BBO crystal
(100 µm, cut at 44.3◦) is used for SFG (confer Sec. 2.2.2) at 267 nm which is detected by
a photodiode after blocking the 400 and 800 nm beam with a color filter (Schott UG11).

The polarimeter data as well as the cross-correlation data were fitted with a Gaussian
function and juxtaposed in Fig. 7.6b, disclosing their identical temporal behavior. Hence,
the time resolution of the accumulative polarimeter setup is indeed predominantly limited
by the femtosecond pulse duration. It is noteworthy that not an ultrafast change in
optical rotation is detected, but a change in optical rotation between reactants and stable
products is probed by a CW light source. Nevertheless, femtosecond time resolution for
monitoring the chemical reaction dynamics is achieved by using a pair of pump pulses
with adjustable delay. The setup is hence applicable to determine the ultrafast dynamics
of a chiral system undergoing a change in optical activity after the (resonant) interaction
with two femtosecond pulses, i.e., a pulse pair.

As an outlook, once can imagine a racemic solution illuminated with specific pulsed
laser fields so that the interconversion of the enantiomers is asymmetric, e.g. a scenario
as in [355]. While standard absorption measurements cannot reveal this, the presented
accumulative polarimeter is a sensitive device which should be able to detect such a
photoderacemization, and it is fast enough so that the search for the adequate electric
fields can be done in a closed-loop procedure based on a genetic algorithm [356]. Such an
approach might further benefit from shaped femtosecond pulses whose polarization state
can be adjusted in a well-defined way [58], even in the ultraviolet regime [357].

7.5 Conclusion

Within this chapter, a setup combining common-path optical heterodyne interferome-
try and an accumulative technique for femtosecond laser spectroscopy (see Sec. 4.1) was
applied to measure small changes in optical rotatory power. The functionality of the
technique was demonstrated for a photoreaction of chiral sulfoxides. Optical rotation is
an attractive signal for monitoring chemical reactions involving enantiomers. As detailed
in Sec. 4.1.4, the presented setup has an experimentally determined optical rotation res-
olution of 0.10 mdeg including all noise sources, which is better than most commercial
devices [226]. In addition, it is possible to gain femtosecond time resolution by utilizing
a pair of pump pulses as shown explicitly in the preceding section. In this way, the ultra-
fast dynamics of a photoreaction can be revealed if a stable photoproduct with a different
optical activity than the reactant is formed after the interaction with two femtosecond
laser pulses with proper temporal delay, phase, and polarization.
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Chapter 8

Optical discrimination of racemic

from achiral solutions
In the last chapter a sensitive polarimeter capable of detecting small optical rotation
angles was introduced. This polarimeter is also used in the following to follow a pho-
toderacemization reaction triggered by circularly polarized fs laser pulses. Depending on
the handedness of the laser polarization, more R- or S-enantiomers of a racemate are
gradually destroyed, leading to the generation of enantiomeric excess (ee). The kinetic
evolution of this excess is detected to discriminate between racemic and achiral solutions
and thus selective preparation of an enantiomeric excess within seconds is achievable.

In the literature, several optical routes are known for generating ee [76]. Optical ee gen-
eration has been demonstrated almost a century ago using long-term illumination with
incoherent circularly polarized light [144, 145, 358] leading to asymmetric photodecompo-
sition. Exploiting the CD effect, one enantiomer absorbs light of one handedness stronger
than the other and thus preferentially photodissociates if such a channel is available,
causing an ee of the other enantiomer. Here, this idea is transfered to state-of-the-art fs
laser spectroscopy allowing 1) to generate and detect ee within seconds rather than days
of illumination, 2) to follow the dynamical evolution of the asymmetric decomposition
in quasi real-time, i.e., with a 100 Hz sampling rate, and 3) to enable future scenar-
ios of chirality control with shaped fs laser pulses. For the latter, various schemes have
been suggested using circularly [142, 143] or combinations of linearly polarized laser fields
[147–151, 159, 359, 360] but no successful experiment has been reported yet in solution
as discussed in detail in Sec. 2.4.4. The presented results were published in Ref. [5].

8.1 Motivation

The concepts of symmetry and symmetry breaking play central roles in fundamental
theories of physics, and symmetry properties are relevant for many applications across all
disciplines of science and engineering. It is thus of general interest to determine whether a
given object of study obeys certain symmetries or not. Chirality is an intrinsic structural
property arising from symmetry considerations: A chiral object cannot be superimposed
with its mirror image. In the macroscopic domain, optically discriminating chiral from
achiral objects is usually straightforward, as the spatial conformation can be deduced
directly. For microscopic objects, such as molecules, indirect spectroscopic methods are
often employed using circular dichroism (CD) or optical activity (OA) [73]. In both
techniques, one exploits the chiral properties of light interacting differently with a molecule
and its mirror image, i.e., with enantiomers (confer Sec. 2.4.1). These approaches rely on
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a difference in absorption of left versus right circularly polarized light (CD) or a change
in the polarization direction of transmitted linearly polarized light (OA), respectively
[99]. In emission spectroscopy, the chirality of excited molecules is expressed in circularly
polarized luminescence [108].

These effects are commonly exploited to identify the chirality of molecules in solution
by optical means. Reaching measurable CD or OA signals may typically require long
optical path lengths, high concentrations, and long integration times. Hence, only few
ultrafast studies utilizing CD or OA could be established [105, 106, 115–119, 121, 123–
125, 236, 237, 361]. Approaches for determining the chirality of a sample in the gas
phase with optical techniques were reported recently, detecting the angular distribution
of photoelectrons [111, 112] or microwave emission [110]. By Coulomb explosion imaging
[109] one can even measure the absolute configuration directly.

Here, a question beyond the established optical procedures in discriminating chiral
enantiomers from each other or chiral from achiral samples is addressed: Can one optically
distinguish 1) an ensemble in which all individual objects are achiral from 2) an ensemble
in which the individual objects are chiral but exist as an equal mixture of enantiomers,
i.e., a racemate? This question is directly connected with the desire for optical enantio-
separation, or chiral purification, which recently has drawn some attention [154–156].
Common nonoptical methods for such discrimination are chirality-sensitive NMR [103]
or the spatial separation of a racemate into its enantiomer components via, e.g., chiral
chromatography, crystallization, or a combination of both [101, 102]. Typically, those are
very demanding, costly and/or time-consuming. Thus here the question is raised, if it is
however possible to develop an all-optical discrimination (i.e., being able to distinguish by
optical means only) without prior spatial separation. Straightforward optical detection on
an unseparated ensemble does not work because CD or OA of individual chiral molecules
in the racemate average out. For an identification via tiny deviations in the band positions
predicted due to parity violation, see Refs. [158, 160]. Thus, both a racemic and an achiral
solution show zero CD and zero OA.

The main concept of the work presented in this chapter is thus to use accumulative
femtosecond spectroscopy (confer Sec. 4.1.1) for creating an ee from the originally racemic
solution and to rapidly detect the resulting OA with the extremely sensitive polarimeter
which was introduced in the previous chapter.

8.2 Experimental configuration

The setup which is capable of optically discriminating racemic from achiral solutions
is depicted in Fig. 8.1a. The sensitive polarimeter which was already applied in the last
chapter and is described in detail in Sec. 4.1 is utilized to detect the pump-pulse-sequence-
induced optical-rotation (OR) change ∆α in a capillary containing the sample.

The CW probe is spatially overlapped with a fs pump beam in the sample capillary (see
Fig. 8.1a). The pump is the third harmonic (267 nm, 100 fs, 1 kHz) of the fundamental of
the utilized laser system (confer Secs. 3.1.1 and 3.1.2). The 30-µm probe-beam diameter is
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150 8 Optical discrimination of racemic from achiral solutions

Figure 8.1: (a) Scheme of the experimental
apparatus. Pump (purple) and probe (orange)
beams are spatially overlapped in a sample cap-
illary to record OR values before and during il-
lumination with fs laser pulses. The polarization
state [linear (LIN), right circular (RC), and left
circular (LC)] of the pump beam is controlled via
a linear polarizer and a subsequent quarter-wave
plate. (b) The measurement cycle for a discrim-
ination experiment consists of one accumulation
period for each of the three polarizations. Figure
taken from Ref. [5].
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small compared to the 200-µm pump-beam diameter. The fs pump pulses can be blocked
with a mechanical shutter and their polarization state can be varied via a combination
of a linear polarizer and a quarter-wave plate between linear (LIN), right circular (RC),
and left circular (LC) polarization. Several subsequent fs laser pulses irradiate the same
sample volume and every single pulse initiates a photoreaction. Even if the quantum
efficiency for such a single photoreaction might be small, due to the accumulation scheme
over many fs pulses the resulting signal is large enough to be detected.

For each pump-pulse polarization the following measurement procedure (Fig. 8.1b) is
conducted five times: The sample in the capillary is renewed by moving the stepper motor.
Then, the acquisition of the OR is started while the shutter is still closed providing
a baseline for any light-induced OR changes ∆α. The averaged value of this data is
subtracted from the complete data since we are only interested in ∆α. After 1 s the
pump shutter is opened at t = 0 and the sample is irradiated with UV laser pulses for
6 s, while ∆α is continuously recorded. This is in principle the same measurement scheme
as in the previous chapter except that the illumination is longer and no diffusion time is
existent.

8.3 Chemical model system: binaphthyl

hydrogenphosphate

We apply our method to 1,1’-binaphthyl-2,2’-diyl hydrogenphosphate (Sigma-Aldrich,
CAS numbers: racemate 35193-63-6, R-enantiomer 39648-67-4, S-enantiomer 35193-64-7).
Binaphthyl hydrogenphosphates are a common precursor for asymmetric synthesis and are
also used as NMR shift reagent for determining enantiomeric purity of amines [362]. The
racemate can be synthesized by condensation of binaphthol and phosphorus oxychloride

A. Steinbacher: Circular dichroism and accumulative polarimetry of chiral femtochemistry

Dissertation, Universität Würzburg, 2015



8.3 Chemical model system: binaphthyl hydrogenphosphate 151

250 300 350 400 450
−1.5

−1

−0.5

0

0.5

1

1.5

2

λ [nm]

 

 

a
b
s
o
rp
ti
o
n
 [
O
D
]

CD racemate

CD R−enantiomer

CD S−enantiomer

linear absorption

−1.5

−1

−0.5

0

0.5

1

1.5

2

[θ
] 
[1
0
-5
 c
m

2
 d
m
o
l-1
]

Figure 8.2: Absorption (orange) and steady-
state CD spectra in methanol of racemic 1,1’-
binaphthyl-2,2’-diyl hydrogenphosphate (red),
its pure R- (green) and S-enantiomer (blue) at
a concentration of γ = 0.5 mg/ml. The Cotton
effect for the electronic transition at 280 nm is
clearly visible. Hence, by exciting the molecule
with 267 nm we provide excess energy to the first
excited state of the molecular system, making a
photodecomposition more likely. Absorption is
negligible at the OR probe wavelength of 405 nm.
Figure taken from Ref. [5].

followed by hydrolysis. To resolve the enantiopure forms a recrystallization is however
necessary. In this chapter only the optical properties are of interest and hence Fig. 8.2
shows the CD spectra of the pure enantiomers and the racemate dissolved in methanol,
as well as the linear absorption spectrum. While the racemate’s CD spectrum is zero, the
enantiomer spectra mirror each other. At the probe wavelength of 405 nm, neither enan-
tiomer absorbs, hence the probe does not excite any molecules but solely monitors OR.
Like in the chapter before the fs pump pulses can trigger a photodecomposition reaction
[363].

To prove the photodecomposition experimentally at first only experiments with the
pure enantiomers (either R or S) in solution are performed. The result of an accumulative
OR experiment with the S-enantiomer in methanol (concentration γ = 13.5 mg/ml) is
shown in Fig. 8.3 (black solid line). As in the previous chapter, LIN polarization was
utilized to trigger the photodecomposition [363]. The result for the R-enantiomer (not
shown) irradiated with LIN polarization is mirrored vertically at ∆α = 0. For LC or
RC the absolute magnitude of the signal in Fig. 8.3 changes slightly, due to the slightly
varying absorption of circular polarized light. However, as will be shown later, this effect
is several orders of magnitude smaller than the measured OR change in Fig. 8.3. The
exposure period is marked by the two black solid vertical lines in Fig. 8.3 but also before
(waiting period) and after the exposure (diffusion period) OR data is recorded. Thus,
for t < 0 no pump pulses hit the sample, yielding a constant reference signal. As in the
previous chapter, these data are used to be able to calculate the OR change ∆α. After
opening the shutter at t = 0, the signal changes until the pump is blocked again. The
signal decay towards ∆α = 0 afterwards is due to intact molecules diffusing into the probe
volume. The complete curve of Fig. 8.3 can be described by modeling the photoreaction
and including diffusion as described in Sec. 4.1.1.

The fit (dashed orange line in Fig. 8.3) reveals a maximum possible OR of α0 =
19.18 mdeg and diffusion constants dpu = 0.0643 1/s and dpr = 2.9775 1/s, obtained
as fit parameters.
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Figure 8.3: Accumulative OR experiment
(solid) and fit (dashed) for the S-enantiomer un-
der LIN illumination with a concentration of
γ = 13.5 mg/ml in methanol with a pulse energy
of 3.5 µJ. The sampling rate was 100 Hz and the
lock-in amplifier time constant of TLIA = 100 ms.
The two vertical black lines indicate the time
window during which the pump shutter is open.
Figure taken from Ref. [5]. 0 1 2 3 4
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8.4 Results, analysis, and discussion

As demonstrated above and in the previous chapter, it is possible to detect photoinduced
OR changes in enantiopure samples. However, the goal of the presented work is to dis-
criminate between achiral and racemic solutions, and hence an OR change in a racemate
must be generated. Thus, accumulative OR measurements using the scheme of Fig. 8.1b
with racemic solution (γ = 13.5 mg/ml) were performed. The results are shown in
Fig. 8.4. For LIN pulses (red), no change in OR (right axis) is visible apart from noise.
In contrast, RC pulses (blue) lead to a positive change, LC pulses (green) to a negative
change. For RC and LC an extremum after ≈ 3 s of illumination is visible. Under UV
irradiation the molecules form non-chiral fragments [363], but depending on the hand-
edness of the polarization, more R- or S-enantiomers are gradually decomposed, leading
to an ee. Due to the small difference of the absorption coefficients of both enantiomers
for LC or RC polarization, one fs pulse would not lead to a detectable signal. However,
by accumulating the outcome of subsequent photoreactions, this photoinduced ee can be
exposed throughout the measurement of Fig. 8.4.

In contrast to the case of Fig. 8.3 the pump irradiation is not stopped. Hence, the
loss of signal magnitude for the OR change with RC and LC for t > 3 s must have
a different origin. In the case of Fig. 8.4 the difference in the number of R- and S-
enantiomer molecules in the probed volume is increasing up to t ≈ 3 s, hence the OR
change is also increasing. However, due to the continuous irradiation with fs laser pulses
the number of molecules are decreased. At one point all molecules in the probe volume are
destroyed and only small contributions from intact molecules diffusing into the pumped
volume are possible. In that case no OR change is detected, since a racemic sample as
well as no sample molecules deliver the same OR value. Hence, the signal for circular
polarizations in Fig. 8.4 must decrease again if the irradiation with fs pulses lasts long
enough. As mentioned in the introduction such a behavior is already known [144, 145, 358]
and thus also theoretical approaches for kinetic modeling of ee are existent. In contrast
to those [358, 364, 365] approaches, here the change in the number of molecules of the
R-enantiomer upon RC illumination is described with first-oder kinetics. Furthermore
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that rate equation is combined with diffusion into or out of the sample volume,

dNR(t)
dt

= dpu
(
NR

0 −NR(t)
)

− ΦσR
RCN

R(t) . (8.4.1)

Here, NR(t) denotes the number of molecules of the R-enantiomer at time t and NR
0 at

t = 0, Φ the photon flux impinging on the sample, and dpu an effective diffusion constant
that takes into account the irradiation geometry [1, 216, 218], as discussed in Sec. 4.1.1.
Thus, since the beam alignment is not changed the determined value for dpu from the
experiment with the enantiopure solution (confer Fig. 8.3) is used in the following as
a constant. The second diffusion constant dpr is omitted since the irradiation is not
stopped. Here, σR

RC is defined as the dimensionless cross section of the R-enantiomer for
RC polarized light. It reflects the product of the molecular absorption coefficient and
the quantum yield for decomposition in terms of a probability interpretation and is thus
dimensionless, as e.g. also utilized in Ref. [366]. Hence, also the photon flux Φ is given
in photons/s and lacks the reference to unit area in this case. It is also possible to use
the conventional definition which however would lead to a further parameter which must
be determined by the fitting routine. Since both parameters occur always as a product
in the fitting formulas this is not meaningful, hence the above mentioned definition was
chosen. Each enantiomer has a slightly different cross section for the two polarizations,
i.e., σR

RC ̸= σR
LC and σS

RC ̸= σS
LC, while the relations σR

RC = σS
LC and σR

LC = σS
RC hold due

to symmetry. Solving Eq. (8.4.1) and its S-enantiomer analogue for the difference of the
number of enantiomers upon RC illumination, ∆N(t) = NR(t) −NS(t), one obtains

∆N(t) = N0

[
dpu + ΦσR

RCe
−t(dpu+ΦσR

RC)

dpu + ΦσR
RC

(8.4.2)

−dpu + ΦσS
RCe

−t(dpu+ΦσS
RC)

dpu + ΦσS
RC

]
Θ(t)

where N0 = NR
0 = NS

0 because a racemate at and before t = 0 is contained in the sample
capillary. The Heaviside function Θ(t) is needed since for t < 0 no pump irradiation takes
place. Equation (8.4.2) changes sign if either the enantiomers (R ↔ S) or the polarizations
(LC ↔ RC) are exchanged. Similar to the enantiopure experiment, the convolution of
Eq. (8.4.2) with the response function of the lock-in amplifier (see Sec. 4.1.1) delivers fit
curves as presented in Fig. 8.4 (dashed). From the fit parameters one can retrieve the
relative difference of the cross sections for LC and RC to be σR

RC−σR
LC

1
2 (σR

RC+σR
LC)

= 0.15 %. Even

though the difference is small, the sensitive accumulative scheme enables following the
kinetic evolution of the ee.

Since ee scales linearly with OR [364, 365], the kinetic evolution of the ee can be
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Figure 8.4: Experimental outcome of an accu-
mulative OR experiment for the racemate. While
LIN pulses (red) do not change OR, LC pulses
(green) decrease and RC pulses (blue) increase
OR (∆α, right scale). For all three polarizations
the pulse energy was 3.5 µJ. Simulated curves
[Eq. (8.4.2), dashed lines] describe the data well
within experimental uncertainties. The OR val-
ues can be mapped to ee values (left scale). Fig-
ure taken from Ref. [5].
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calculated according to

ee(t) = NR(t) −NS(t)
NR

0 +NS
0

= ∆α(t)
α0

, (8.4.3)

with α0 determined from the fit of Fig. 8.3. The right equality sign in Eq. (8.4.3) holds
only if no diffusion would be present in an experiment like the one presented in Fig. 8.4
since the “true” OR is diminished by diffusion. However, given the experimental noise it
is a good approximation. This allows us to quantitatively obtain the ee axis in Fig. 8.4
(left). The plot reveals an ee of more than 4 % at the optimal time point t ≈ 3 s. If
the irradiation is stopped at that point, this ee persists in the sample and only decreases
via diffusion to and from the non-irradiated sample volume. The definition of the ee
in Eq. (8.4.3) describes the difference in the number of enantiomers present at time t
of the experiment divided by the initial total number of molecules. Typically, like in
[358, 364, 365] also the denominator is chosen to be time-dependent, which leads to a
diverging ee in the case when all molecules in the sample solution are destroyed. Hence,
here it is normalized to the initial total number of molecules [confer Eq. (8.4.3)].

8.5 Optical discrimination

After demonstrating experimentally that one can follow a deracemization reaction, in
the following it will be discussed how the detection of photoinduced ee, as presented
in Fig. 8.4, can be used to discriminate racemic from achiral solutions. It is assumed
that one has dissolved one unknown molecular species in a known solvent. The linear
absorption spectrum of this solution is known. Furthermore, also a static CD or ORD
spectrum is measured of the unknown solute but does not exhibit any signal. Hence,
one knows spectral regions where the unknown molecule absorbs, but one does not know
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Figure 8.5: Schematic representation of the measured optical rotation change after one interaction of
the unknown solution with (a) linearly (LIN) or (b) circularly polarized (LC or RC) fs pump pulses. The
signal shape is sketched in red (solid and dashed lines refer to the opposite handedness of the circularly
pump polarizations) for every scenario. Here, A refers to an achiral molecule which differs from the
achiral molecules A′. Analogously R refers to a racemic mixture which differs from the racemate R′. An
enantiomeric excess is referred to with the letter E. (a) If the reactant in its initial state is achiral (left
graph) or racemic (right graph), only an achiral or racemic solution can be generated photochemically
with LIN pump pulses. Hence, in scenario 1-4 no optical rotation change can be observed and the signal
corresponds to a flat line. (b) For initially achiral solutions also no optical rotation changes can be detected
with our approach if circular polarizations (LC or RC) are utilized. This changes if the sample under
investigation is racemic. Here, either an achiral solution is generated (scenario 7), a different racemic
mixture (scenario 8), i.e., the product molecules differ from the reactant molecules but still occur as a
racemic mixture, or a persisting enantiomeric excess (scenario 9) is generated. In these three scenarios an
optical rotation change can be detected. Thus, for one-photon interaction with the fs pump pulses optical
discrimination is achievable by using circularly polarized fs pump pulses. If no optical rotation change is
observed the sample is achiral; otherwise, if a signal is measured, the sample was initially racemic. Figure
adapted from Ref. [5].

if it is a racemic mixture or if the molecules in the solution are just achiral. In the
following nine different scenarios which might in general apply for the case described
above are considered. For all scenarios it is presumed that irradiation with fs pulses
leads to a stable photoproduct which is different from the corresponding reactant, i.e., a
photochemical reaction.

Within this chapter optical discrimination of racemic from achiral solutions if the
molecules under investigation interact with the fs pump pulses in the linear power regime
is discussed. This is the simplest case, and can be verified with suitable attenuator se-
ries. For the situation of higher-order pump-power dependence see Appendix A. For the
analysis, the above mentioned nine scenarios are divided in four possible scenarios where
only LIN pulses are used to irradiate the sample, as depicted in Fig. 8.5a and five possible
scenarios in the case of circularly polarized pump pulses, presented in Fig. 8.5b. For LIN
polarization the polarimeter will never measure a signal different from a flat line since no
ee can be generated with LIN pulses.

The situation changes if one considers circularly polarized (LC or RC) pump pulses in
scenarios 5-9, presented in Fig. 8.5b. Starting with an achiral molecular system in solution
a photoreaction triggered by the absorption of one photon of the circularly polarized fs
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pulses always leads to no optical rotation change (see scenarios 5 and 6 in Fig. 8.5b).
However, in the case of a racemic mixture as reactant the irradiation with fs laser pulses
always leads to a non-zero optical rotation change (scenarios 7-9 in Fig. 8.5b). The data
presented in Fig. 8.4 (LC and RC) corresponds to scenario 7 in Fig. 8.5b. The shape of
the curve would be similar if chiral, as racemic mixture, rather than achiral photoproducts
were generated (scenario 8). For the special case that after a one-photon excitation with
every fs laser pulse of the pulse train an ee could be generated, a constant offset signal
for long illumination times would be measured (scenario 9).

Summarizing the results from all the various scenarios, optical discrimination of achiral
and racemic solutions is straightforward with the presented approach in the linear power
regime of pump-pulse interactions since the polarimeter never measures a signal if an
achiral solution is the reactant (confer Fig. 8.5b, left graph) while a non-zero optical
rotation change is observed in the case of a racemic mixture (confer Fig. 8.5b, right graph).
The latter case was experimentally demonstrated in Fig. 8.4. Prolonged fs irradiation
might lead to further photoreactions (see Appendix A) but as long as the chiral state
of the product obtained with one photon is not changed this does not influence the
discrimination capabilities of the presented method. Thus, optical discrimination between
racemic and achiral solutions can be achieved if an excitation in the linear power regime
causes a photoreaction for which the chirality properties of reactant and product differ.

8.6 Conclusion

Summarizing, optical discrimination between various scenarios of achiral and racemic
molecular solutions was disclosed in the case of a linear dependence on the fs pump-
pulse power. In particular, and in contrast to state-of-the-art methods [101–103, 154–
156], spatial separation is not required to discriminate racemic from achiral samples.
Moreover, if the accumulative pump illumination is stopped at the right moment, the
induced ee in the sample volume can be exploited for other purposes. Since the setup
allows for fs time resolution as shown explicitly in the previous chapter, future studies
may investigate the ultrafast dynamics of chiral-molecule photoreactions. Beyond chiral
discrimination, the presented setup can also be utilized for quantum control approaches
[356] which necessitate several interactions with fs pump pulses as theoretically proposed
[147, 148, 150]. Here, the ambiguities derived in Appendix A are not of concern since in
this case one typically knows the initial chirality state of the sample, but wants, e.g.,
to purify a racemic sample and thus enhance the achievable ee. For such purposes,
the presented polarimeter can deliver a suitable feedback signal for closed- or open-loop
quantum control approaches due to the demonstrated rapid enantioselective detection.
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Chapter 9

Broadband time-resolved circular

dichroism spectroscopy
In the two previous chapters, chirality-sensitive spectroscopy utilizing the polarimeter
which was introduced in Sec. 4.1 was presented. In the following chapter, again chiral
molecules are investigated but by means of time-resolved circular dichroism spectroscopy.
As already discussed in Sec. 2.4.3 ORD and CD spectroscopy deliver basically the same
information about the chiral molecule under investigation. However, the experimental
realization is completely different (e.g., compare Sec. 4.1 with Sec. 4.2) and thus also the
pros and cons of both techniques vary. The utilized polarimeter has the great advantage
to be capable of accumulating the outcome of several subsequent elementary experiments
which increases the sensitivity dramatically. However, as shown in Chapter 7, pulse pairs
have to be utilized to achieve ultrafast time resolution. On the other hand, the polarization
mirroring (PM) setup introduced in Sec. 4.2 can deliver broadband time-resolved circular
dichroism (TRCD) data in pump–probe geometry, similar to transient absorption (confer
Sec. 3.2). Although this is not the first implementation of TRCD, the known concepts
in literature [105, 114–119, 121, 123–125, 237], except the implementation of Trifonov
et al. [124], detect TRCD only at a single wavelength. Furthermore, in contrast to
all approaches stated above, the PM setup which is used for the recording of broadband
TRCD data is capable of shot-to-shot detection. Thus, many noise sources (laser intensity
fluctuations, mechanical instabilities, temperature drifts) can be reduced to a minimum
and thereby enhancing the sensitivity.

This chapter is divided in two main sections. At first it is described how the PM setup
(confer Sec. 4.2) can be turned into a TRCD spectrometer in Sec. 9.1. Furthermore, since
with the introduced approach also the recording of TA data is possible, the performance
of this TRCD spectrometer is assessed by investigating an achiral sample. Finally, the
technique is used to elucidate the chiral photochemistry of hemoglobin in Sec. 9.2.

9.1 Turning the PM setup into a TRCD spectrometer

The basic idea of CD spectroscopy is to measure the difference in absorption for LC and
RC polarized light as described in detail in Sec. 2.4.3. Moreover, in a TRCD experiment
the change in CD, after the sample under investigation interacted with a fs pump pulse, is
measured. Hence, two subsequent TA experiments (confer Sec. 3.2.1), one with a LC and
one with a RC polarized probe pulse, are performed. To realize this experimentally the
PM setup is included in the probe beam of Fig. 3.5. As shown in Sec. 4.2 the PM setup is
indeed capable of generating two PEN with LC and RC polarization. By blocking either
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Figure 9.1: Pulse sequence for a TRCD experiment utilizing the PM setup. While in the pump pulse
train (blue, top row) every second pulse is blocked by an optical chopper triggered at 500 Hz, the two
PEN pulse trains (LPE: red, middle row; RPE: green, bottom row) are modulated with 250 Hz. Hence,
in the two circularly polarized probe pulse trains every second pulse pair is blocked. By adjusting the
relative phases between the optical choppers of the two PEN such that they are out-of-phase one can
determine the TRCD signal within four subsequent fs laser pulses origination from the laser system
operating at a repetition rate of 1 kHz. Pulses which are blocked by optical choppers are visualized by
opaque gray boxes while the dashed box shows an elementary experiment to determine the ∆CD value
at one pump–probe delay.

the LPE, which generates the LC probe, or the RPE, which generates the RC probe,
for a given pump–probe delay τ a TRCD measurement can be performed. This is easily
possible since both PEN travel collinearly after the PM setup and also have passed the
same optical path length (see Sec. 4.2) such that the same pump–probe delay is observed
for both PEN. Furthermore, as one can deduce from Chapter 6, it is important that the
angle between the propagation directions of the pump and the probe beams is tuned to
35.3◦ to exclude anisotropy effects [329]. Since the two PEN travel not collinearly all
the time in the PM setup (see e.g. Fig. 4.11) it is possible to use optical choppers to
realize shot-to-shot detection as in state-of-the-art TA [199, 201]. This is a great benefit
compared to the experimental realizations which have been introduced in the literature,
as already discussed in the introduction.

9.1.1 Experimental configuration and data acquisition

Thus, for an experimental realization of this detection scheme three optical choppers are
included in the experimental setup. One is used to block every second pump pulse, like in
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shot-to-shot TA (confer Sec. 3.2.1) [199, 201]. The other two choppers are used to block
subsequent pulse pairs of each PEN, as sketched in Fig. 9.1. Thus, they are placed in the
PM setup after the first BS in the LPE path and after the first rotating periscope in the
RPE path (confer Fig. 4.11). At this position the two PEN do not travel collinearly and
thus can be blocked separately. The electronic triggering of the three optical choppers is
adjusted such that the pulse ordering corresponds to the sketch presented in Fig. 9.1. Like
in shot-to-shot detected TA, every second LIN polarized pump pulse (blue, top row) is
blocked. Hence, this chopper is triggered by the Pockels cell of the regenerative amplifier
and operates at a frequency of 500 Hz, corresponding to half of the repetition rate of the
laser system (Sec. 3.1.1). The other two optical choppers however operate at 250 Hz since
they block always two subsequent probe pulses (see middle and bottom line in Fig. 9.1).
It is important that the two probe choppers are out-of-phase, such that either LC or RC
polarized pulses leave the PM setup. Hence, by this approach it is possible to detect the
change in circular dichroism

∆CD = ∆ALC − ∆ARC (9.1.1)

with four subsequent laser pulses originating from the laser system, as marked by the
dashed box in Fig. 9.1. Here, at first the pump-induced absorption change for LC light
∆ALC is determined as in shot-to-shot TA while directly afterwards also the pump-induced
change for RC polarized probe pulses ∆ARC is determined. Hence, with this elementary
experiment it is not only possible to determine the pump-induced change in CD but
also the TA signal ∆A = ∆ALC+∆ARC

2 which is another advantage of this approach. The
signal-to-noise ratio of a single elementary experiment is not sufficient to determine a
reliable ∆CD value. Hence, typically several thousands (here 7500) of those elementary
experiments are performed subsequently and averaged to determine the pump-induced
change in CD for every delay-time τ . This is possible since the utilized spectrometer
(SpectraPro-2500i, Acton) is equipped with a cooled two-dimensional CCD camera (Pixis
2k, Princeton Instruments) which can record spectra with rates above 1 kHz.

The second harmonic (confer Sec. 3.1.2) of the fundamental of the laser system is used
for excitation. Hence, the 400 nm pump pulses are LIN polarized and focused by a lens
to a spot size of 200 µm at the sample position. In case of the probe, again the output of
a NOPA with a central wavelength of 575 nm and an intensity-FWHM of ≈ 30 nm was
utilized (see Fig. 4.14). The probe beam is also weakly focused with the help of a lens to
50 µm and afterwards recollimated with a similar lens before the probe is guided to the
above mentioned spectrometer.

9.1.2 Achievable resolution

To assess the detection capabilities of the above described TRCD spectrometer experi-
mentally, at first an achiral sample is investigated. Here, the triiodide anion I–

3 was chosen
since it only consists of three atoms and thus cannot be chiral even if a pump-induced
rearrangement would occur [73, 74]. Furthermore, TA data of triiodide is known in the lit-
erature (see e.g. Refs. [367–369]). The sample was prepared by dissolving equal amounts
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Figure 9.2: TA and TRCD data of triiodide in ethanol after 400 nm excitation. The TA data (a)
shows a broad ESA in the probed wavelength range which has decayed to zero after several hundreds of
picoseconds. The TRCD data (b) exhibits only weak signals (mind the different scale of the color bars).
Below 580 nm the signal is positive while the region above has a negative ∆CD. Note, that in both maps
the time delay axis is plotted linear up to 10 ps and logarithmic afterwards.

of I2 and Bu4N+I– in ethanol without further purification [370] and pumped through a
flow cell with an optical path length of 200 µm by an micro annular gear pump (mzr-4605,
HNP Mikrosysteme GmbH). The energy of the 400 nm pump pulses was reduced to 100nJ
at the sample position and data was recorded up to a delay-time of τ = 500 ps in steps of
100 fs up to 10 ps and in 1 ps steps afterwards. Since the introduced TRCD spectrometer
is able to detect TA and TRCD data at the same time both types of data for triiodide
are shown in Fig. 9.2. The presented data sets are an average over five complete maps in
the case of TRCD and hence ten maps for TA.

At first, the recorded TA data in Fig. 9.2a will be discussed. Mind, that the presented
data is not chirp-corrected. Furthermore, also the influence of the beam splitters in the
PM setup can be deduced from Fig. 9.2. Since the probe pulses travel through 60 mm
of glass they are significantly chirped. For greater time delays the presented TA data in
Fig. 9.2a shows a positive signal over the whole detected probe wavelength range. From
literature [367–369] it is known that this is the absorption of the hot photolysis product,
I2. The band decays on a picosecond timescale and also shifts to lower wavelengths which
are not probed here. The visible oscillations at the beginning are not noise but known
coherent product vibrations [368]. For longer delay times τ no absorption change ∆A is
visible anymore, as expected [367–369]. Hence, the TRCD spectrometer indeed is able to
record meaningful TA data.

Nevertheless the main interest focuses on the TRCD data presented in Fig. 9.2b, since
one wants to deduce the chirality-sensitive detection capabilities of the introduced ap-
proach. As one can infer from the data, before time zero the noise level is significantly
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higher compared to the TA data in Fig. 9.2a. This is comprehensible because of two
reasons. Firstly, the TRCD data is calculated by subtracting two noisy data sets which
leads to a relatively high noise level. Secondly, the TA data is the average of the change
in absorption for LC and RC polarized probe light and thus consists of ten complete maps
while the TRCD data is only averaged over five maps. However, the TRCD signal after
time zero is greater than the noise level (confer Fig. 9.2b). Since the used sample is defi-
nitely achiral, the origin of this signal cannot be related to any dynamics of the molecular
system. Hence, the residual CD signal is either an artifact of the utilized apparatus or orig-
inates from optical artifacts of CD spectroscopy known in literature [106, 119, 121, 371].
These include laser-induced circular and linear birefringence as well as linear dichroism
[106, 119, 121, 371]. The latter can originate from strain in the sample cell which hence is
also present in the probe-only signal and thus is subtracted in the pump–probe CD signal.
However, in the case that the fs pump pulse induces linear dichroism [106] this assump-
tion breaks down. Laser-induced circular and linear birefringence however originate from
imperfections in the circularity of the used probe pulses. As already discussed in Sec. 4.2,
the achievable circular polarization is not perfectly mirrored and no perfect circularity is
achieved. To assess if these effects can already explain the observed residual CD signal
of Fig. 9.2b a simple model, following Refs. [119, 371], is applied. The basic idea of this
model is to split the probe polarization in a perfectly circularly and a perfectly linearly
polarized part. These two fractions are connected via the ellipticity ε of the probe pulse,
which can be determined experimentally as shown in Sec. 4.2.3. A detailed derivation of
the model can be found in the Appendix B while here only the result is discussed. Hence,
the TRCD signal

∆CD = ∆ALC − ∆ARC (9.1.2)

∆CD = log
(

{ηLIN[tan(εRC) − 1]2 + ηRC}{[tan(εLC) − 1]2 + 1}
{ηLIN[tan(εLC) − 1]2 + ηLC}{[tan(εRC) − 1]2 + 1}

)

depends on the ellipticity for the utilized LC (εLC) and RC (εRC) polarization. Fur-
thermore, the signal depends on the absorption of LIN (ηLIN), LC (ηLC), and RC (ηRC)
polarized light. Note that the absorption is modeled simply by I = ηLINI0, with the inten-
sities before (I0) and after (I) passing the sample. Hence, with the help of Eq. (3.2.1) the
parameter ηLIN can be related to an optical density via ηLIN = 10−OD. Similar relations
hold for ηLC and ηRC.

In general one can distinguish three cases which will be discussed in the following.

εLC = εRC = π
4

If both probe pulses exhibit perfect circularity Eq. (9.1.2) reduces to

∆CD = log
(
ηRC

ηLC

)
. (9.1.3)

Hence, the measured signal corresponds to the true change in CD of the sample,
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since no artifacts are present. In the case of the achiral sample triiodide the CD
signal would thus be indeed equal to zero since no difference in absorption between
LC and RC polarized light is existent, i.e., ηRC = ηLC.

εLC = εRC ̸= π
4

If both probe pulses are not perfectly circularly polarized but their ellipticity values
are equal Eq. (9.1.2) reduces to

∆CD = log
(
ηLIN[tan(εRC) − 1]2 + ηRC

ηLIN[tan(εLC) − 1]2 + ηLC

)
. (9.1.4)

In this case, the signal-to-noise ratio is reduced for a chiral sample since in the
logarithm the first summand of the numerator and denominator is identical [119].
Although the absolute magnitude of a TRCD signal is thus influenced the CD results
are still valid since the first summands always have the identical value. Hence, if an
achiral sample is investigated (ηRC = ηLC) ∆CD = 0 still holds.

εLC ̸= εRC
The most general case is that the LC and RC polarized probe pulse exhibit different
ellipticity values. In this case no further simplification in Eq. (9.1.2) can be applied.
Also in the case of an achiral sample like triiodide an artifact in the TRCD signal
can be observed.

As one can deduce from the performed characterization in Sec. 4.2.3, the last case,
εLC ̸= εRC, applies in this case. Since it is known that the triiodide sample cannot be the
origin of a chiral signal one can apply the assumption ηLC = ηRC = 1 to Eq. (9.1.2). Hence,
only the three parameters ηLIN, εLC, and εRC remain. The latter two were experimentally
determined in Sec. 4.2.3 and are visualized in Fig. 4.22. Furthermore, ηLIN is determined
also experimentally in the TA data of Fig. 9.2a. Thus, it is possible to model the residual
CD signal in Fig. 9.2b with the help of Eq. (9.1.2) by using the data of Figs. 4.22 and
9.2a. The result of this simulation is shown in Fig. 9.3.

The comparison of Fig. 9.3 with Fig. 9.2b reveals that the simulation result corresponds
well with the measured data. Besides the absolute magnitude of the signal also the
shape is reproduced. Still, there are some differences between the simulation data and
the measured residual CD signal. For example, for longer delay times around 575 nm
the simulated signal in Fig. 9.3 is positive while in the measured data (Fig. 9.2b) it
is negative. Note, that the clear zero crossing around 585 nm in the simulated data
originates from the equal ellipticity value for both PEN (confer Fig. 4.22). Nevertheless,
the overall correspondence is sufficient to deduce that the residual signal originates mainly
from the imperfections in the ellipticity of both PEN. Moreover, by comparing the noise
level for negative and positive τ values in Fig. 9.2b one can deduce that the influence of
the erroneous ellipticity is not significant. Hence, in the following all TRCD results are
not corrected with the help of Eq. (9.1.2), to avoid the introduction of artificial errors.

Summarizing the results of this characterization measurement with an achiral triiodide
sample, the PM setup can indeed be turned into a broadband TRCD spectrometer which
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Figure 9.3: Simulation of the expected resid-
ual TRCD signal due to imperfections in the cir-
cularity of the PEN, following Eq. (9.1.2) and
using the data of Figs. 4.22 and 9.2a. The sim-
ulation result shows a clear zero crossing around
585 nm which corresponds to the wavelength
where both PEN have the same ellipticity value
ε (see Fig. 4.22).

at the same time is capable of recording TA data. The erroneous ellipticity of both PEN
is the dominating factor in the TRCD measurement of Fig. 9.2b and limits the achievable
signal-to-noise ratio to ∆∆CD ≈ 0.2 mOD, as one can deduce from Figs. 9.2b and 9.3.
However, this value is only slightly above the inherent noise level of this pump–probe
technique.

9.2 Investigating the chiral photochemistry of

hemoglobin

After introducing the basic concept of the TRCD spectrometer based on the PM setup
and demonstrating its capabilities and limitations, in the following a chiral sample,
hemoglobin, will be investigated. Hemoglobin (Hb) is the most important protein in
mammalian blood cells [372]. It is responsible for the oxygen transport from the lungs to
the rest of the body [373]. Not only because of this reason it has been studied extensively
in various research fields ranging from chemistry and biology to medicine. The fascinating
feature of Hb is the combination of a huge protein backbone and the heme, which is a
porphyrin with a central iron atom. This results in an interplay of the rich quaternary
protein structure with the local porphyrin environment where the actual oxygen binding
occurs [374, 375].

In the following, the focus will lie on the photochemistry of the oxygen binding since the
O2 loss can be triggered by photons [376–379]. Since the binding occurs at the porphyrin,
i.e., its central iron atom [379–381], typically also transitions in the porphyrin are probed
in the Soret band (near UV) or the Q-band (VIS) [382, 383]. However, the study of CD
spectra is typically restricted to the steady state of the protein backbone [77, 382, 383] in
the UV spectral range which cannot reveal direct information on conformational changes
occurring at the binding site [384]. This changes if one investigates the CD in the visible
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Figure 9.4: Molecular structure of oxy-
hemoglobin. The protein is sketched in the T-
state, i.e., at all binding sites no oxygen molecule
are bound to the heme. The α-residues are de-
picted in red, while the β-residues are colored
blue and the metalloporphyrin, i.e., the heme, is
colored in green. In the center of the porphyrin
the iron atom is sketched as orange sphere. Fig-
ure taken from Ref. [374].

spectral range where the signal magnitude is however only very weak [384]. As will be
shown in the following, the introduced TRCD spectrometer is nevertheless capable of
recording transient CD spectra in the Q-band region and thus further elucidating the
chiral photochemistry of Hb.

9.2.1 Biological model system: oxyhemoglobin

As mentioned above Hb is capable of binding oxygen reversibly [385–388]. The actual
binding occurs at the so-called heme which is a prosthetic group [385] consisting of a
porphyrin with a central iron atom. If the oxidation state of the iron is +2 (ferrous) a
binding of diatomic oxygen O2 is possible, while for +3 (ferric) it is not. The latter state
is thus called methemoglobin (or ferrihemoglobin) [385, 386]. If oxygen is bound to the
heme it is called oxyhemoglobin (oxy-Hb) while one refers to deoxyhemoglobin (deoxy-Hb)
if no oxygen is present at the binding site but the iron is still in oxidation state +2.
One hemoglobin protein incorporates four such heme groups which are embedded in a
large protein backbone, consisting of two major α-residues and two major β-residues, as
sketched in Fig. 9.4. Closely related to Hb is myoglobin (Mb) which is responsible for the
oxygen transport in muscle tissue of almost all mammals, including humans [385, 386].
These two metalloproteins differ in size, since Mb consists of eight α-helices, but only one
heme group.

The heme is connected to the protein backbone via a histidine (residue F8) which
is bound to the central iron atom of the metalloporphyrin [385, 386]. Hence, only one
coordination site of the iron atom is left where oxygen binding is possible. Interestingly,
close to that binding site is another histidine (residue E7) located, which sterically hinders
the binding of any ligand [385, 386]. Albeit, this hindrance is indeed necessary for the
ability to bind oxygen reversibly [388]. To comprehend this complicated binding process,
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oxyhemoglobin Figure 9.5: Normalized linear absorption
spectra of oxyhemoglobin in buffer solution at
pH = 7.0. The strong absorption band around
400 nm corresponds to the Soret band of the
heme. The double peak structure around 560 nm
corresponds to the Q-band while the N band
is centered around 350 nm. The Qx and Qy

electronic transitions are degenerated and lo-
cated around 575 nm, while the band centered
at 540 nm corresponds to the vibrational shoul-
der of that electronic transition.

the knowledge about the exact spatial orientation of the different polypeptide chains and
metalloporphyrins in Hb (and Mb) is necessary and was revealed during the 1950’s via
X-ray crystallography [389–391] by pioneering work of John Kendrew and Max Perutz.
Both got awarded with the Nobel prize in 1962 for the determination of the structure of
Mb and Hb [385, 386].

By characterizing the Hb structure in the case O2 is bound to the porphyrin and in
the case where no ligand is bound one can deduce significant differences. If oxygen is
present at the binding site the porphyrin plane is planar and hence the four carboxyl
endgroups of the heme can rotate rather freely. In contrast, if Hb is in the deoxy-state,
the porphyrin plane is bent and thus also the rotation of the end groups is hindered.
Hence, deoxyhemoglobin is also called T-form (for tense) while oxyhemoglobin is referred
as R-form (for relaxed).

As mentioned already in the introduction of this section, the most fascinating feature
of Hb is probably the combination of a huge protein backbone and the organic compound
porphyrin. While the electronic transitions (confer Sec. 2.4.2) of proteins are located
in the UV spectral range, those of the porphyrin are located in the UV and the visible
[77, 382]. Further vibrational transitions of the heme and the proteins are also located in
the infrared spectral range. In the following, the focus will lie on the near UV and visible
spectral range. Hence, the normalized linear absorption spectrum of oxyhemoglobin in
this region is depicted in Fig. 9.5. Several strongly allowed π − π∗ transitions [382] are
visible. Starting in the near UV the N band is located around 350 nm while the most
intense band at about 400 nm corresponds to the B band, often called Soret band. The
transition with the lowest energy can be assigned to the Q-bands (Qx and Qy) located
at 575 nm which are degenerate due to the symmetry of the heme [382, 392]. Roughly
the same absorption strength can be observed for the first excited vibrational state of the
Q-bands at about 540 nm, which is common for porphyrins [382, 392].

As described earlier, the structure of Hb and also of the heme changes depending on
whether oxygen is bound or not. This conformational change can also be observed in the
absorption spectrum, more precisely in the Soret and the Q-band region. However, the
absorption strength of the Q-band is more sensitive to this change than the Soret band
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Figure 9.6: Linear absorption (a) and circular dichroism spectra (b) of oxy- (red) and deoxyhemoglobin
(blue) in the spectral region of the Q-band. In the case of linear absorption (a) the double peak structure
for oxyhemoglobin is clearly visible, while for deoxyhemoglobin only one absorption band can be observed.
However, the two bands are always visible in the CD spectra (b) of oxy- and deoxyhemoglobin. For the CD
spectra the relative change in intensity is more significant. While the lowest energy electronic transition
is weaker in the case of deoxyhemoglobin the first excited vibrational state is stronger. Data taken from
Ref. [394].

since structural perturbations directly influence the degeneracy of the involved molecular
orbitals for these transitions [382, 393]. This difference can be elucidated experimentally
by comparing the linear absorption and circular dichroism spectra of oxy- and deoxy-Hb
in Fig. 9.6.

Starting with the linear absorption spectra in the Q-band region for oxy- and deoxy-
hemoglobin which are juxtaposed in Fig. 9.6a one can deduce that a distinction is indeed
possible. While the oxy-form (red) exhibits a double peak structure, corresponding to
the lowest energy electronic transition around 575 nm and its first excited vibrational
state around 545 nm, deoxyhemoglobin (blue) shows only one broad absorption band
[381, 382, 394, 395]. As mentioned above, this originates from the geometrical change
from the R- to the T-state of Hb [77, 385, 386]. Probably not only the strengths of both
transition changes, but they might also shift slightly in energy [382, 394]. This assump-
tion is further substantiated by the CD spectra presented in Fig. 9.6b. In that case not
only the intensities for both transitions are clearly different but also the positions of the
respective maxima are shifted slightly. Hence, a distinction of oxy- and deoxy-form is also
possible by observing changes both of the linear absorption spectrum as well as the CD
spectrum in the Q-band region.

These significant differences are also used to control if the sample is prepared in the oxy-
form. Since the sample was purchased from Sigma-Aldrich (CAS number: 9008 − 02 − 0)
predominantly in the methemoglobin form it must be reduced before it is able to bind
oxygen. Furthermore, to mimic physiological conditions the sample was dissolved in
calcium phosphate (KH2PO4/K2HPO4) buffer at pH = 7.0. Hence, in the 0.1M buffer
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Figure 9.7: TA and TRCD data of oxy-hemoglobin in buffer solution at pH = 7.0 after 400 nm
excitation. The TA data (a) shows two ESA features centered at around 560 and 590 nm, respectively.
In between the GSB around 575 nm is visible. The TRCD data (b) exhibits weaker signals (mind the
different scale of the color bars). Again the GSB around 575 nm and the ESA centered around 560 nm
can be observed. However, the ESA band at higher wavelengths is missing in the TRCD data of Hb.
Mind that both, TA and TRCD data, are not chirp-corrected.

solution at first 0.2 g/l of sodium dithionite (Na2S2O4) were dissolved before 3 g/l Hb
as purchased were dissolved. With that approach a clear double peak structure in the
Q-band region could be achieved which did not change even if pure oxygen was bubbled
through the solution.

9.2.2 Results, analysis, and discussion

To elucidate the transition from oxy- to deoxy-Hb also time-resolved, TA and TRCD data
were recorded with the help of the PM setup as described in Sec. 9.1. The sample was
prepared as described above and pumped through a flow cell with an optical path length
of 200 µm by a micro annular gear pump (mzr-4605, HNP Mikrosysteme GmbH). Like
in the case for triiodide, the pump pulse was tuned to 400 nm (second harmonic of the
laser system, confer Sec. 3.1.2) with 100 nJ pulse energy. As probe the output of a NOPA
(confer Sec. 3.1.2) was used. The generated probe spectra corresponded again to the two
PEN which were already used to characterize the setup and are depicted in Fig. 4.14.
Hence, the oxy-Hb sample was excited in the Soret band to trigger the photolysis of
oxygen [376–379] and the relaxation dynamics were probed for pump–probe delays up to
20 ps in 100 fs steps in the Q-band. The result of this measurement is depicted in Fig. 9.7
where the TA and the TRCD data of oxy-Hb are juxtaposed.

The TA data of oxy-Hb in Fig. 9.7a shows two strong positive features centered around
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560 and 590 nm at early delay times which can be attributed to an ESA. In between,
around 575 nm a weaker negative signal, corresponding to the GSB of oxy-Hb is visible
which shifts slightly to higher wavelengths with increasing pump–probe delay. At early
delay times this GSB is not yet measurable which leads to the conclusion that the two
ESA features are in fact only one broad ESA which overlaps spectrally with the GSB.
Otherwise, if no ESA and SE signals would be present, the TA data would correspond to
the difference of the two curves presented in Fig. 9.6a. As on can conclude from Fig. 9.7a
at least up to a delay time of τ = 10 ps this is not true since relaxation dynamics occur.
On the other hand, for longer delay times (τ ? 10 ps) the TA signal does not change
anymore and can be described by a linear combination of the two spectra presented in
Fig. 9.6a. This behavior can be attributed to the formation of deoxy-Hb, i.e., a product
formation, which is persistent on the observed time scale. Turning to the discussion of
the TRCD data presented in Fig. 9.7b one can see a more noisy data set. By comparing
the maximal signal magnitude of ±2 mOD to the resolution of the TRCD spectrometer
(0.2 mOD, see Sec. 9.1.2) this is comprehensible. Still two significant features can be
observed. The GSB around 575 nm and an ESA centered around 560 nm. In contrast to
the TA data in Fig. 9.7a the positive signal around 590 nm is not visible.

To elucidate the photochemistry of oxy-Hb, further analysis of the data presented in
Fig. 9.7 is necessary. Hence, a global analysis with the software package GloTarAn (see
Refs. [202–204] and Sec. 3.2.2) of the TA and the TRCD data was performed which will
be described in detail in the next two subsections.

Global analysis of TA data

To model the TA data of Fig. 9.7a appropriately, four time constants were necessary. The
first one was fixed to τ1 = 75 fs which is below the time resolution of the experiment.
However, the contribution of that time constant is needed to get a satisfactory fit quality.
The second one was determined to τ2 = 250 fs and the third one to τ3 = 2.70 ps. The last
time constant was fixed to τ4 = 10 ns and thus can be treated as offset for the measured
time delays in Fig. 9.7a.

The result of that global fitting approach is visualized for three kinetic time traces at
560, 575, and 590 nm in Fig. 9.8, corresponding to the center wavelengths of the two ESA
features and the GSB in Fig. 9.7a. As one can see from the kinetic trace of the ESA feature
at 560 nm, after a delay time of τ = 15 ps hardly any change in the signal magnitude is
observable. The same holds for the trace at 590 nm (bottom panel of Fig. 9.8, green),
while the overall signal magnitude is slightly higher in this case. For the GSB, and thus
the respective kinetic trace at 575 nm (middle panel in Fig. 9.8, blue), this is different
since here already from τ = 5 ps the signal magnitude stays unchanged. Furthermore, as
discussed already above for the TA map at early delay times in the GSB region around
575 nm the TA signal is positive for τ < 1 ps, which can be explained by an overlapping
ESA.

The ESA features are decaying predominantly with the decay time constant τ3 =
2.70 ps, as one can deduce from the DAS (confer Sec. 3.2.2) presented in Fig. 9.9a.
Besides that, the positive signal at early delay times in the GSB region around 575 nm
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Figure 9.8: Kinetic traces of the TA data presented in Fig. 9.7a at selected wavelengths reflecting the
ultrafast photochemistry of oxy-Hb in the Q-band. The upper (red) and lower (blue) panel resemble the
dynamics of the ESA features while the middle panel (blue) shows the dynamics of the GSB. In all three
cases the result of the global fitting approach is shown as black dashed curve.

can be related to the fast decay with τ2 = 250 fs. If one does not assume a parallel but a
sequential model (confer Sec. 3.2.2) the global fitting routine reveals the EAS presented in
Fig. 9.9b. From these spectra one can deduce that indeed at early delay times, resembled
in the EAS for τ2, the TA data consist of a broad ESA which overlaps with the GSB.
This ESA signal covers basically the whole probed spectral region. Presumably another
ESA signal, decaying with τ3, which exhibits a double-peak structure (confer green curve
in Fig. 9.9b) is present. Finally, the remaining signal for delays greater than τ = 15 ps is
reached and resembled in the EAS for τ4 in Fig. 9.9b.

In the following, the TA results will briefly be related to previous studies known in
the literature. Seminal work was performed by Petrich et al. [396] in the 1980’s who
performed TA experiments of oxy-Hb in the liquid phase by probing the Soret band
region. Their experiment revealed also four decay constants, namely ≤ 50 fs, 300 fs,
2.5 ps, and a constant offset. Also several other studies revealed similar results in time-
resolved experiments [376–379, 387, 388, 397–403] which correspond well to the deduced
time constants of the presented TA data in Fig. 9.7a. Moreover, also in the closely related
compound myoglobin similar rates could be found [396, 400, 404, 405]. Hence, one can
conclude once more that the presented TRCD spectrometer indeed delivers reliable TA
data. As mentioned above, the great advantage of this approach is the simultaneous
collection of TRCD data which will be analyzed in the subsequent section.

Global analysis of TRCD data

In the following, the modeling of the TRCD data presented in Fig. 9.7b will be discussed.
Like in the case of the TA data, four time constants were needed to model the data
appropriately. The first one was again fixed to τ1 = 75 fs which is below the time
resolution of the experiment but needed to achieve a satisfactory fit quality. The second
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Figure 9.9: DAS (a) and EAS (b) resulting from the global fitting of the TA data presented in Fig. 9.7a.
In both cases the first decay with τ1 = 75 fs is not presented since it is below the time resolution and can
be attributed to the photolysis step [376–379]. (a) From the DAS one can deduce that the ESA features,
at 560 and 590 nm, predominantly decay with τ3 = 2.70 ps while the early positive signal in the GSB
region (around 575 nm) is related to the τ2 = 250 fs component. The last decay component (τ4 = 10 ns)
resembles the offset in the TA data of Fig. 9.7a. (b) From the EAS one can directly deduce that a broad
ESA, overlapped with the GSB around 575 nm, is decaying with τ2. Presumably other ESA signals,
located around 560 and 595 nm are decaying with τ3 towards the offset, resembled by τ4.

one was determined to τ2 = 330 fs and the third one to τ3 = 3.75 ps. The last time
constant was again fixed to τ4 = 10 ns and thus can be treated as offset for the measured
time delays in Fig. 9.7b. Hence, in the case of the TRCD data slightly greater time
constants can be found compared to the TA results.

Although the TRCD data exhibits a higher noise level than the TA data, the fit quality
is still satisfactory, as one can deduce from the three kinetic time traces at 560, 575,
and 590 nm presented in Fig. 9.10. Starting the discussion with the TRCD transient at
560 nm (top panel of Fig. 9.10, red) once again the positive ESA signal decays towards
zero while the zero value is reached again around τ ≈ 15 ps like in the case of the TA data
(confer Fig. 9.8). The middle panel of Fig. 9.10 (blue) describes the GSB dynamics of the
TRCD data. In contrast to the TA data the signal is negative from the very beginning
(τ < 1 ps) but also an onset is visible which is again a hint for an overlapping ESA. For
longer delay times the GSB signal increases slightly towards zero and reaches a constant
negative value beginning from about τ = 10 ps. The most apparent difference between
the TA and TRCD data is the missing ESA contribution at the red edge of the probe
spectrum. Thus, the kinetic time trace at 590 nm (bottom panel of Fig. 9.10, green)
shows no signal at all with regard to the experimental noise.

This can also be seen in the DAS and EAS, presented in Fig. 9.11, resulting from the
global fitting of the TRCD data of Fig. 9.7b. Compared to the result of the TA data
(see Fig. 9.9) the spectra are more noisy which is already resembled in the noise level
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Figure 9.10: Kinetic traces of the TRCD data presented in Fig. 9.7b at selected wavelengths reflecting
the ultrafast chiral photochemistry of oxy-Hb in the Q-band. The upper (red) panel resembles the
dynamics of the ESA feature while the middle panel (blue) shows the dynamics of the GSB. As already
deduced from the TRCD map in Fig. 9.7b, hardly any dynamics are visible for the red edge of the probe
spectrum, presented in the lower panel (green). In all three cases the result of the global fitting approach
is shown as black dashed curve.

of the experimental data in Fig. 9.7. Furthermore, the DAS and EAS of the first decay
constant shows pronounced oscillations along the wavelength axis. The origin lies in the
distinct behavior of the coherent artifact which is already visible around τ = 0 in the
TA and TRCD maps (Fig. 9.7). A cut through the coherent artifact along the time axis
can be described as a superposition of a Gaussian with its first and second derivative
[195, 199]. For chirped probe pulses this results in an oscillatory behavior for a cut along
the wavelength axis through in the region of the coherent artifact [195]. Since for the
TRCD map (see Fig. 9.7b) two TA maps are subtracted from each other also the two
coherent artifacts are subtracted. If both were absolutely identical no artifact would be
visible for the TRCD data. However, the two TA maps which constitute a TRCD map are
generated with two different probe beams generated by the PM setup. Since this setup
not only mirrors the polarization state but also the beam profile, the spatial chirp of both
PENs is different. Thus, the resulting coherent artifacts are deviate slightly which after
subtraction leads to a residual artifact in the TRCD map of Fig. 9.7b. Since this residual
coherent artifact has a different shape than usual, the chirp correction in the software
package GloTarAn [204] is not able to model it appropriately. Hence, especially the short
decay constants incorporate an additional contribution of this residual coherent artifact
which is clearly visible in the oscillating behavior of the EAS and DAS in Fig. 9.11.

Similar to the DAS of the TA data (confer Fig. 9.9a) the fast decay contributes with τ2 =
330 fs predominantly in the spectral region of the GSB around 575 nm (see Fig. 9.11a, red).
Furthermore, the ESA feature centered at 560 nm is again predominantly decaying with
the intermediate time constant τ3 = 3.75 ps, as one can deduce from the corresponding
DAS (Fig. 9.11a, green). For the assumption of a sequential model the result of the global
fitting is presented as EAS for the TRCD data in Fig. 9.11b. From these spectra one can
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Figure 9.11: DAS (a) and EAS (b) resulting from the global fitting of the TRCD data presented
in Fig. 9.7b. In both cases the first decay with τ1 = 75 fs is not presented since it is below the time
resolution and can be attributed to the photolysis step [376–379]. (a) From the DAS one can deduce
that the ESA features, at 560, predominantly decays with τ3 = 3.75 ps while the early positive signal in
the GSB region (around 575 nm) is related to the τ2 = 330 fs component. The last decay component
(τ4 = 10 ns) resembles the offset in the TA data of Fig. 9.7b. In contrast to the TA data there is no ESA
signal around 590 nm. (b) From the EAS one can directly deduce that a broad ESA, overlapped with
the GSB around 575 nm, is decaying with both time constants τ2 and τ3 towards the offset, resembled
by τ4.

deduce similar behavior as in the case of the TA data set. The first EAS for τ2 resembles
a broad ESA. However, in the TRCD data and overlap with the GSB contribution which
should be located around 575 nm is not directly visible. This changes for the subsequent
spectra corresponding to τ3 (green in Fig. 9.11b). Here, the ESA signal around 560 nm
and the GSB signal around 575 nm can be distinguished but are probably overlapping
like in the TA case. Finally, the remaining signal for delays greater than 15 ps is reached
and resembled in the EAS for τ4 (blue in Fig. 9.11b).

Furthermore, although the data quality at the edge of the probe spectrum around
600 nm is not optimal a bleach signal of oxy-Hb which decays towards zero with τ3 can
be observed. This is another hint that indeed no ESA is present above 585 nm since from
the steady-state data in Fig. 9.6b one can infer that deoxy-Hb should not exhibit a CD
signal in that spectral region.

Summing up the global analysis of the TA and the TRCD data presented in Fig. 9.7,
the correspondence of the TA results with the literature serves as benchmark for the
functionality and applicability of the presented TRCD spectrometer. Furthermore, the
TRCD data indeed revealed new aspects of the photochemistry, namely the lack of an ESA
at longer wavelengths around 590 nm. Although this already shows the great potential
of the introduced apparatus, the implications of these result have to be interpreted which
will be performed in the following.
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Figure 9.12: Models of the relaxation dynamics of photoexcited oxy-Hb proposed in the literature.
In all three cases the ground state is excited with a laser pulse, depicted by the blue arrows, to the
electronically excited state 1Q of the porphyrin. (a) During the photolysis (dashed arrows) a branching
to the two excited species Hb∗

I and Hb∗
II occurs. While the former is decaying to the ground state of

deoxy-Hb before the geminate recombination occurs subsequently, the latter directly decays back to the
initial ground state. (b) In analogy to the first model two excited intermediate states are populated
after the photolysis but the relaxation occurs in a cascade. Furthermore, from Hb∗

I a branching to the
ground state occurs. (c) In the last model, the two excited intermediates correspond to a vibrationally
hot ground state. However, the cooling occurs on two different time scales while again a branching from
Hb∗

I to the ground state occurs, indicated by the wavy orange arrow.

Relaxation dynamics of the heme in Hb

The photochemistry of hemoglobin has been studied in numerous experimental and the-
oretical works over the last 30 years [376–379]. However, still some aspects are vividly
discussed in the scientific community. Among those the early heme photocycle, which
was also investigated in the above presented results, is one of the most controversial
subjects. Since the heme group occurs also in other metalloporphyrins, e.g. myoglobin,
strong similarities with those compounds can be observed. Also for the deoxy-forms or
even in the ferric forms (e.g., methemoglobin) similar kinetic properties can be found
[396, 400, 401, 405]. Hence, in the past years the heme photocycle was described with the
help of several models which are sketched in Fig. 9.12.

The first model (Fig. 9.12a) refers to the seminal work of Petrich et al. [396] who
suggested that the relaxation of the excited porphyrin state 1Q occurs through two parallel
pathways. Hence, during photolysis (black dashed arrows in Fig. 9.12a) a branching to
the two excited species Hb∗

I and Hb∗
II occurs with the fastest relaxation time ≤ 50 fs. The

former was assigned to a triplet charge-transfer state while the latter was connected with
a singlet charge-transfer state of the ligated oxygen molecule. The intermediate state Hb∗

I
relaxes to an excited-state triplet ligand field state of deoxy-Hb on the ≈ 300 fs time scale.
The intermediate state Hb∗

II however, recombines with the oxygen ligand on an ultrafast
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time scale of 2.5 ps (confer Fig. 9.12a).
In the second model, presented in Fig. 9.12b, the intermediate states are populated in

a cascade. At first, it was brought forward to explain measurements of band III (in the
infrared spectral region) [406, 407] for the heme in myoglobin. The same model, although
with a somewhat different interpretation, was utilized in 2001 by Franzen et al. [399]
also for hemoglobin. After photolysis (black dashed arrow in Fig. 9.12a, ≤ 50 fs) two
intermediate states are populated in a cascade. The authors assigned the excited species
Hb∗

I (see Fig. 9.12b) to a metal-to-ligand charge-transfer state (MLCT). Furthermore,
they assumed that the following Hb∗

II state in the cascade is populated by a back electron
transfer (BET) from the porphyrin to the center iron atom of the heme on a ≈ 300 fs
time scale. Thus, they assigned Hb∗

II to a porphyrin ground state and an excited iron
d configuration [401]. The relaxation to the ground state of deoxy-Hb was found to be
≈ 3 ps. Still, Franzen et al. found hints for a branching from Hb∗

I directly to the ground
state, and thus a fast rebinding of oxygen, in their data. Moreover, recent studies on
several metalloporphyrins [408–413] in the gas phase revealed relaxation pathways through
ligand-to-metal charge-transfer processes, corroborating the validity of that model.

The last proposed model for the ultrafast photochemistry of hemoglobin is depicted in
Fig. 9.12c and incorporates a vibrationally hot ground state of deoxy-Hb. Since several
experimental studies pointed out the importance of cooling processes in the heme [414–
417] on an ultrafast time scale, which affects the spectra in the Soret and Q-band regions,
this seems reasonable. In this model the cooling of the hot ground state occurs with
two time scales which can be connected to the decays from the states Hb∗

I and Hb∗
II

(confer Fig. 9.12c). Originally, the model was used to explain the relaxation dynamics of
deoxy-myoglobin [400, 404, 405] but due to the close relation with hemoglobin it might
be applicable in that case as well.

In the following the experimental results presented and discussed in the previous sec-
tions (confer Fig. 9.7) will be discussed with regard to these three models. Like the
experiments already known in the literature [376–379] also the TA data of Fig. 9.7a can
be explained with all three models sketched in Fig. 9.12. Hence, in the following the
discussion is concentrated on the TRCD data of Fig. 9.7b. As mentioned above, the main
difference between the TA and the TRCD result is the missing ESA at the red edge of the
probe spectrum. Since the lowest energy electronic transition in the Q-band of oxy-Hb
is centered at 580 nm (confer Fig. 9.6a and b) an ESA signal around 590 nm is clearly
red-shifted. A transient signal in that spectral region might also be originating from the
absorption of the emerging deoxy-Hb species. However, since for small delay times around
590 nm no TRCD signal at all is recorded and only for longer delays a weak signal can
be observed which can be attributed to the deoxy-Hb formation, a lacking ESA in the
TRCD data seems reasonable. This red-shifted ESA signal in TA was interpreted as the
absorption of a hot ground state of the deoxy species, i.e. the photoproduct, in the lit-
erature [400, 404, 405], leading to the assumption of the model presented in Fig. 9.12c.
The decay and slight shift of the ESA band (confer Fig. 9.9b) lead to that interpretation.
However, in the recorded TRCD data this ESA band cannot be observed and thus indi-
cates that the hot ground state model of Fig. 9.12c is presumably not applicable for the
description of the photochemistry of hemoglobin. However, due to the higher noise level
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and possible overlapping contribution of the emerging deoxy species the non-existence of
a weak red-shifted ESA cannot be excluded completely. Nevertheless, in the following the
hot ground state model of Fig. 9.12c will be excluded from the discussion.

The discrimination between the other two models of Fig. 9.12 is not straight-forward
since in the TA as well as in the TRCD data the characteristic relaxation time constants
were revealed with the help of global fitting and nothing is known about the spectral
properties of the intermediate states. Hence, a target analysis [202–204] was performed to
check if the relaxation occurs in parallel (Fig. 9.12a) or in cascade like paths (Fig. 9.12b).
For that purpose, the time constants of the global fitting were kept fixed and the models
of Fig. 9.12a and b, with the respective branchings, were simulated with the help of the
software package GloTarAn [204]. Thus, the optimization algorithm only optimized the
branching ratio in each model (Figs. 9.12a and b). To assess which model is fitting the
experimental data better the root mean square (RMS) value is not sufficient. Since the
exact same decay constants are utilized for the fitting the branching is an additional
parameter, leading to an over-determined system of equations. However, as one can
deduce from the time-resolved data that for longer delay times τ > 15 ps the molecules are
not in the excited state anymore and some oxy-Hb molecules have lost their ligand to form
deoxy-Hb, the transient spectra must be a superposition of the linear spectra presented
in Fig. 9.6. Thus, the species-associated spectra (SAS) of the last time constant τ4, which
was fixed to 10 ns during the fitting and thus resembles an offset, and the superposition
of the linear spectra must be coincident. In the case of the TA data both target analyses
delivered a satisfactory agreement (not shown) and thus a discrimination between the two
models is not possible with only that data set. This is not surprising since also the various
experimental works on the early photochemistry of the heme can be explained with both
models under discussion [399].

However, the target analyses of the TRCD data indicate that the model depicted in
Fig. 9.12b fits better to the experimental data presented in Fig. 9.7b. This is deducible
from Fig. 9.13 where the SAS for the offset (τ4) of the target analysis and the superposition
of the linear spectra (Fig. 9.6b) is juxtaposed for both models under discussion. Note,
that the superposition of the linear CD spectra (deoxy-Hb with postive, oxy-Hb with
negative sign) was fitted to the SAS for τ4 with only one parameter in both cases. Thus,
it is assumed that every oxy-Hb heme group which loses its oxygen ligand due to the
excitation with 400 nm fs laser pulses contributes as deoxy-Hb heme group. The fit
reveals that the linear CD spectra for oxy-Hb in Fig. 9.6b is multiplied by a factor of
−0.078 and hence the one of deoxy-Hb is added after being multiplied by 0.078 to deliver
the black curves in Fig. 9.13b. Although the correspondence in Fig. 9.13a is worse, the
best fit of the superimposed linear CD spectra leads to the same multipliers as in the
case of Fig. 9.13b. The reason for the deviation of the SAS of τ4 in Fig. 9.13a can be
deduced from the fitted branching ratio of 0.54 : 0.46 between Hb∗

I :Hb∗
II. Hence, about

50 % of the population which underwent photolysis ends up in the deoxy-Hb state. This
is resembled in the large GSB and product absorption signal in the offset (SAS of τ4
in Fig. 9.13a). However, this model seems to underestimate the geminate rebinding of
the oxygen ligand through the Hb∗

II intermediate state. In the case of the second model
(Fig. 9.7b) the branching ratio between HbO2:Hb∗

II is determined to be 0.04 : 0.96. At first
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Figure 9.13: Result of the target analyses for the models depicted in Figs. 9.12a and b compared with
the superposition of the linear CD spectra of Fig. 9.6b. (a) The result for the target analysis for the
model depicted in Fig. 9.12a shows a clear deviation from the superposition of the two linear CD spectra
presented in Fig. 9.6b. The model overestimates the building of deoxy-Hb such that the GSB (around
575 nm) and the product absorption around 560 nm are to great. (b) The model depicted in Fig. 9.12b
however corresponds well with the TRCD data.

glance this might be irritating since now even more of the photolysed molecules should
end up in the deoxy-Hb state. However, since the branching occurs with the fast ≈ 300 fs
component and the formation of the Hb state occurs subsequently with the slower ≈ 3 ps
component the geminate oxygen recombination would be overestimated otherwise. The
weak contribution of geminate recombination corresponds to earlier studies, although no
exact numbers were stated [396, 398, 399]. Hence, one can conclude that the relaxation
of photoexcited hemoglobin occurs predominantly in a cascade of intermediate states.
Recently, a similar model was derived for the closely related myoglobin compound [411–
413], connecting the intermediates with different spin states of the centered iron atom
[392].

9.3 Conclusion

All in all, the presented TRCD spectrometer based on the PM setup (confer Sec. 4.2) is
capable of detecting ultrafast chirality changes. Besides the possibility of a broadband
detection also the shot-to-shot readout is a great advantage for the recording of transient
CD signals with great sensitivity. Here, the applicability of the technique was demon-
strated by investigating the early photochemistry of hemoglobin in the Q-band. Since
TA studies of Hb are already known in the literature the comparison with those served
as test case for the applicability of the technique. Nevertheless, with the help of the
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TRCD data it was possible to further elucidate the photochemistry of ligand binding in
hemoglobin. In combination with suitable target analyses it was thus possible to identify
that the relaxation takes place in a cascade after photolysis of the oxygen ligand.

The presented characterization of the TRCD spectrometer and the collected time-
resolved CD data thus show clearly the applicability of this technique for further chirality-
sensitive experiments. Since the PM setup is in principle not limited to a specific spectral
domain also experiments in the ultraviolet or infrared can be conducted. In particular
for the photochemistry of hemoglobin such experiments could include Hb with different
ligands, e.g., CO, or even oxy-myoglobin. Also the investigation of time-resolved CD in
the Soret band can help to improve the understanding of the relaxation dynamics of the
heme group.
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Chapter 10

Summary and Outlook
The fascinating properties of chiral structures are present both in the macroscopic and
microscopic domain. While such symmetries in our everyday life are often recognized
unconsciously, e.g., the mirror symmetry of our hands, chirality plays also a decisive role in
the metabolism of our human bodies. Although the importance of biochemical interactions
in our body is known and also exploited for specialized pharmaceutical goods, little is
known about ultrafast chiral photochemistry. However, the last decades brought forward
plenty of ultrafast spectroscopic techniques to observe absorption changes, revealing the
initial steps of chemical reactions. The main obstacle for successful implementations of
ultrafast circular dichroism (CD) or optical rotation dispersion (ORD) spectroscopy is the
low signal magnitude of the sample response in comparison with absorption spectroscopy.
Hence, in the past mainly technical limitations restricted most chiral photochemistry
studies to the steady-state where long optical path lengths and an increased measurement
time are possible.

The main focus of this thesis was to transfer the idea of ultrafast spectroscopy in the
liquid phase to chirality-sensitive probes, both for CD and ORD detection. Nevertheless,
the presented techniques are not the first implementations of determining ultrafast chi-
rality changes. However, in the liquid phase other groups typically probe CD changes
only at a single wavelength and/or without shot-to-shot detection. Furthermore, in the
case of ORD probing the combination of a polarimeter with accumulative femtosecond
spectroscopy is enhancing the sensitivity significantly while keeping an ultrafast time reso-
lution. Hence, the introduced developments can indeed help to increase the understanding
of chiral molecules.

This was explicitly demonstrated in Chapter 9 where the developed transient CD spec-
trometer was utilized to investigate the ultrafast chiral photochemistry of hemoglobin.
Although this protein has been studied extensively already, the early relaxation after
photoexcitation is still vividly discussed. Within this thesis the focus was lying on the
heme group, i.e., the central metalloporphyrin, which is the actual binding site for the
oxygen ligand. By measuring transient absorption and transient CD in the Q band region
of the heme and with the help of global analysis strong hints for a cascade-like relaxation,
probably through different spin states, could be deduced. Further experimental studies in
different wavelength regions and with ligands other than oxygen seem therefore promis-
ing to provide valuable information about the photochemistry of hemoglobin. Since the
central component of the presented CD spectrometer is a setup capable of mirroring an
arbitrary polarization state, i.e., the pulse mirroring (PM) setup, also other applications
are possible. These include time-resolved ellipsometry and anisotropy spectroscopy, as
well as chiral quantum control applications.

Also the introduced ORD spectrometer, i.e., polarimeter, is helpful for investigating
the specialties of chiral femtochemistry. The suitability of the combination of accumu-
lative spectroscopy and common-path optical heterodyne interferometric polarimetry for
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ultrafast studies was explicitly demonstrated in Chapter 7, although a continuous-wave
probe laser is utilized in that technique. However, by generating femtosecond pulse pairs
the time resolution can be pushed to the ultrafast regime. Moreover, the introduced
polarimeter can also be used for other applications. This was pursued in Chapter 8
where a racemic solution was discriminated from an achiral one by optical means without
prior spatial separation. For that purpose, a photoderacemization reaction triggered by
circularly polarized femtosecond laser pulses induced an enantiomeric excess which was
monitored with the polarimeter. Further experiments, aiming at chiral quantum con-
trol, could try to further enhance the generated enantiomeric excess by optimizing the
ultrashort excitation laser pulses, e.g. via polarization pulse-shaping.

Besides the development of the above mentioned two chirality-sensitive spectrometers
this thesis also dealt with theoretical considerations of anisotropy effects in pump–probe
geometry in Chapter 6. Here, the well-known anisotropy-free conditions for transient
absorption measurements were generalized for arbitrary polarizations of pump and probe
pulses. These results were already utilized in Chapter 9 for the CD spectrometer since
there circularly polarized laser pulses probe ultrafast dynamics. Hence, especially for
chirality-sensitive spectroscopy and chiral quantum control, where the signal magnitude
is rather small, such conditions are crucial for successful experiments.

Moreover, also several other requirements have to be fulfilled for a successful implemen-
tation of chiral quantum control. For example the knowledge about ultrafast rearrange-
ment reactions is another key prerequisite for the selective variation of the chiral state
of molecules. Hence, in Chapter 5 the ultrafast Wolff rearrangement was investigated by
photofragment ion spectroscopy. Although the molecular system under investigation was
not chiral, the experiment showed already the complexity of such photoinduced reactions,
even in the gas phase where intermolecular interactions can be neglected.

All in all, the presented techniques within this thesis enable ultrafast chirality-sensitive
measurements in different spectral domains with great sensitivity. Furthermore, they
open up the route towards chiral selectivity in quantum control approaches for which
several theoretical propositions already exist. By coming back to the musical example
of the introduction, one could summarize that the presented spectroscopic techniques
correspond to musical instruments, while the theoretical models equal the musical score.
The challenge is now to learn how to play that score with these instruments. Hence,
the results of this thesis might stimulate further advancements towards chiral quantum
control.
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Appendix A

Optical discrimination in the case of

a nonlinear dependence on the fs

pump-pulse power
As mentioned in Chapter 8, in specific molecular systems, e.g., in chiral photoswitches [82],
the assumption that only one fs laser pulse of the pump pulse train triggers a photoreaction
might not be valid. In such a case, it might be possible that one photon triggers the
first photoreaction while a second one leads to photodecomposition such that one is not
operating in the linear power regime. Due to prolonged fs irradiation a further interaction
of photoproducts with the fs pump pulse train cannot be excluded.

Hence, in this appendix the expected signal shapes for photoreactions due to the ab-
sorption of two photons from different fs pulses of the pump pulse train will be discussed
theoretically. The special case that those two photons originate from the same fs pulse
of the pump pulse train, as e.g. in a nonresonant multiphoton absorption process, is ex-
cluded. As will be shown, an optical discrimination between racemic and achiral solutions
is not unambiguous, or even impossible, in that case. Although some presented scenarios
might be rather unlikely all possible pathways in the case of an unknown sample are ana-
lyzed. At first the interaction with LIN polarized fs pump pulses is considered, leading to
eight possible scenarios presented in Fig. A.1. However, regardless of whether the reactant
is achiral (Fig. A.1a) or racemic (Fig. A.1b), the intermediate as well as the final state
can only be a racemic mixture or achiral if LIN polarized pump pulses are utilized. In the
following, the intermediate state is always generated by the photoreaction triggered by the
so-called first photon while the final state is achieved by the absorption of the so-called
second photon of the pump pulse train. For example, it might occur that one starts with
an achiral solution and generates racemic mixtures with the first (scenario 2 in Fig. A.1a)
or the first and the second photon (scenario 1.2 in Fig. A.1a), but an enantiomeric excess
(ee) can never be generated. Also the generation of achiral photoproducts starting from
racemic mixtures is possible with only the first (see e.g. scenario 3 in Fig. A.1b) or the
first and the second photon (see e.g. scenario 4.1 in Fig. A.1b), but again the polarimeter
would not measure an optical rotation change.

The situation changes if one considers circularly polarized pump pulses, presented in
Fig. A.2. Starting with an achiral molecular system in solution a photoreaction trig-
gered by one photon always leads to no optical rotation change (see scenarios 5 and 6 in
Fig. A.2a) which was already discussed in Chapter 8. The interaction with the second
photon of the circularly polarized fs pump pulse train does not lead to a measurable signal
either if the intermediate state is also achiral (confer scenarios 5.1 and 5.2 in Fig. A.2a).
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Figure A.1: Schematic representation of the measured optical rotation change for photoreactions
triggered by the first and the second photon of the pump pulse train of the unknown solution with LIN
polarized fs pump pulses. The signal shape is sketched in red for every scenario. Here, A refers to an
achiral molecule which differs from achiral molecules A′ and A′′. Analogously, R refers to a racemic
mixture which differs from the racemates R′ and R′′. (a) If the reactant in its initial state is achiral,
photochemically only a racemate (scenario 2) or another achiral molecule (scenario 1) can be generated
by the first photon, as presented already in Fig. 5a of the main paper. This behavior is similar after
the interaction with the second photon (see scenarios 1.1, 1.2 and 2.1, 2.2). Nevertheless, regardless of
whether only the first or the first and the second photon trigger the photoreaction, an optical rotation
change is never measurable. (b) Starting with a racemate as reactant, again only an achiral sample
(scenario 3) or a different racemate R′ (scenario 4) is achievable after a photoreaction triggered by the
first photon, as presented already in Fig. 5a of the main paper. The subsequent photoreaction triggered
by the second photon leads only to racemic mixtures or achiral solutions (see scenarios 3.1, 3.2, 4.1,
and 4.2). Hence, independent of whether achiral molecules or racemic mixtures are irradiated with LIN
polarized light, no optical rotation change is detected.

XVI A. Steinbacher: Circular dichroism and accumulative polarimetry of chiral femtochemistry

Dissertation, Universität Würzburg, 2015



A

initial state

scenario 5.1

AII
A R

scenario 5.2

AI
A

scenario 6.1

RI

scenario 6.2

E

scenario 6.3

AI

scenario 5

R

scenario 6

signal
shape

R

initial state

AI

scenario 7.1 scenario 7.2

RI
R A

scenario 8.1 scenario 8.2

RII
R E

scenario 8.3

A

scenario 9.1 scenario 9.2

RI
R EI

scenario 9.3

A

scenario 7

RI

scenario 8

E

scenario 9

signal
shape

(a)

(b)

1st photon

2nd photon 2nd photon

1st photon

2nd photon 2nd photon

Figure A.2: Schematic representation of the measured optical rotation change for photoreactions
triggered by the first and the second photon of the pump pulse train of the unknown solution with
circularly polarized (LC or RC) pump pulses. The signal shape is sketched in red (solid and dashed lines
refer to the opposite handedness of the circularly pump polarizations) for every scenario. Here, A refers to
an achiral molecule which differs from the achiral molecules A′ and A′′. Analogously, R refers to a racemic
mixture which differs from the racemates R′ and R′′. An enantiomeric excess is referred to with the letter
E which is different from an ee E′. (a) If the reactant in its initial state is achiral, photochemically
only a racemate (scenario 6) or a different achiral molecule A′ (scenario 5) can be generated after the
photoreaction triggered by the first photon. Hence, no optical rotation change can be observed and the
signal corresponds to a flat line as presented already in Fig. 5a of the main paper. This behavior changes
if the second photon triggers a further photoreaction starting from the intermediate state. In this case,
either again achiral molecules (A, A′, A′′), racemic mixtures (R, R′), or an ee can be generated. While in
scenarios 6.1 and 6.2 the optical rotation change vanishes again (comparable to Fig. 8.4), for scenario 6.3
a constant signal for prolonged illumination remains. (b) Starting with a racemate as reactant, circularly
polarized fs laser pulses can either generate achiral molecules (scenario 7), racemates (scenario 8), or an
ee (scenario 9) after a photoreaction triggered by the first photon as presented already in Fig. 5b of the
main paper. A subsequent photoreaction due to the second photon of the fs laser pulse train can result in
an ee (E, E′) if the intermediate is racemic or if an ee is already present (scenarios 8.3 and 9.3). Hence, in
these two cases the optical rotation change signal exhibits a constant offset for longer illumination times.
Otherwise, either racemic (R, R′, R′′) or achiral (A, A′) solutions are generated which results in signal
shapes similar to those of scenarios 7 and 8 where only one photon triggers the photoreaction.
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However, as shown in scenarios 6.1-6.3 in Fig. A.2a if the intermediate state is racemic
the photoreaction triggered by the second photon leads to signal shapes which are similar
to scenario 7 which is presented in Fig. 8.4. For example, scenario 6.2 might be appli-
cable in the case of chiral photoswitches [82]. Thus, in general the question arises if it
is possible to distinguish between scenario 7 and the scenarios 6.1-6.3 since there is also
a non-zero optical rotation change. Furthermore, as presented in Fig. A.2b if the initial
state is racemic two subsequent photoreactions triggered by the first and the second pho-
ton of the circularly polarized pump pulses lead to similar signal shapes as scenario 7.
Hence, not only scenarios 6.1 and 6.2 but also scenarios 7.1, 7.2, 8.1, 8.2, 9.1, and 9.2
must be distinguishable for an unambiguous assignment of the underlying photoreaction.
Furthermore, as can be seen from the sketched signals in Fig. A.2 also the scenarios with
an ee as final state (see scenarios 9, 6.3, 8.3, and 9.3 in Fig. A.2) must be distinguishable.
Thus, we model here all those scenarios theoretically in analogy to the data modeling
of the main text. However, the influence of the lock-in amplifier is not included in the
simulations for a better comparison of effects arising from the actual molecular system.

Scenarios 8 and 7 can be modeled similarly since for long irradiation times in both cases
all molecules in the probe region lead to a zero OA signal. In the first case, all molecules
are thus converted to the racemate R′ after long irradiation which does not deliver an
optical rotation change signal. In the latter case all molecules are achiral after long irra-
diation, also leading to a zero OA signal. Hence, Eq. (8.4.2) (confer Chapter 8) applies
also for both, scenario 7 and 8. Furthermore, also scenarios 7.1 and 7.2 can be described
analogously since for scenario 7.1 the second interaction does not change the chirality
anymore and for scenario 7.2 the second interaction step corresponds to scenario 6, where
the polarimeter also cannot detect an optical rotation change. Furthermore, scenarios 6.1
and 6.2 can be described by the same equation since in those cases the second photon
triggers an analogous photoreaction as in scenarios 7 and 8. With the same reasoning, also
scenarios 8.1 and 8.2 can be described with the same equation, as well as scenarios 9.1 and
9.2 can be modeled analogously. Thus, simulations to compare scenario 7/8, where the
photoreaction is triggered only by the first photon, with scenario 6.1/6.2, scenario 8.1/8.2,
and scenario 9.1/9.2, where the first and the second photon trigger two subsequent pho-
toreactions were performed. In all of these cases, the final state is not optically active
because it is either achiral or racemic. Furthermore, also scenario 9, where only the first
photon triggers a photoreaction, was compared with scenarios 6.3, scenario 8.3, and sce-
nario 9.3, where the first and the second photon trigger two subsequent photoreactions.
Here, the final state is always an enantiomeric excess and thus optically active.

Optically inactive final state

As mentioned before, the modeling of scenarios 7 and 8 is performed as described in
Chapter 8. Hence, at first the theoretical description of scenario 6.1/6.2 is introduced
where the formation of the intermediate state, a racemic mixture, with the photoreaction
triggered by the first photon can be modeled via an additional term in Eq. (8.4.1), leading
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to

dNR(t)
dt

= − (ΦσR
RC + dpu)NR(t) (A.0.1)

+ 1
2

ΦN0σ
Adpu + ΦσAe−t(dpu+ΦσA)

dpu + ΦσA

where σA refers to the dimensionless cross section of the initially achiral reactant
molecules in the solution which get converted to enantiomers. Furthermore, the condition
NR(t = 0) = 0 must be obeyed since prior to illumination no enantiomers are present.
An analogous relation to Eq. (A.0.1) holds for the S-enantiomer (if R is exchanged with
S), hence the second term on the right-hand side has a prefactor of 1

2 .
The signal for scenarios 8.1 and 8.2 can be derived via

dNR(t)
dt

= − (ΦσR2
RC + dpu)NR(t) (A.0.2)

+ 1
2

ΦN0σ
R
RC
dpu + ΦσR

RCe
−t(dpu+ΦσR

RC)

dpu + ΦσR
RC

where σR
RC refers to the dimensionless cross section for RC light for the reactant R-

enantiomer while σR2
RC describes the cross section for RC light for the R-enantiomer of

the intermediate racemate R′ (compare Fig. A.2b). Here, the condition NR(t = 0) = 1
2N0

holds since the initial molecular solution is a racemic mixture. An analogous relation to
Eq. (A.0.2) holds for the S-enantiomer (if R is exchanged with S).

To be able to model the signal shape of the putative scenarios 9.1 and 9.2, one needs
to introduce a new variable k which describes the ee of the intermediate state (confer
Fig. A.2b). Like an ee [compare Eq. (8.4.3)] it can range from 0 to 1, corresponding to
the range from a racemic mixture to purely one enantiomer, respectively. Together with
the dimensionless cross section σE the generation of ee can be modeled. Thus, in total
scenarios 9.1 and 9.2 can be described by

dNR(t)
dt

= − (ΦσR
RC + dpu)NR(t) + 1 − k

2
ΦN0σ

E× (A.0.3)

2dpu + (1 − k)ΦσEe− t
2 (2dpu+(1−k)ΦσE)

2dpu + (1 − k)ΦσE .

An analogous relation to Eq. (A.0.3) holds for the S-enantiomer (if R is exchanged with
S). By solving Eqs. (A.0.1), (A.0.2), and (A.0.3) for both enantiomers and calculation of
the ee following Eq. (8.4.3) one arrives at simulated curves as presented in Fig. A.3a-d
where the three scenarios described above are compared to scenarios 7/8.

By measuring an unknown molecular solution, the resulting curves depend on several
parameters but in general look very similar, exhibiting a single maximum as presented
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Figure A.3: Simulation of accumulative OR experiments sketched in Fig. A.2. Simulation parameters
are (comparable to experiment): N0 = 3.85 × 1012, Φ = 2.00 × 1015 photons/s, dpu = 0.0643 1/s,
σR

LC = σR2
LC = 4.000 × 10−16, and σR

RC = σR2
RC = 3.995 × 10−16. (a) Dynamical evolution in the case of a

racemate according to Eq. (8.4.2). The maximal ee value is hardly changed for a doubling of the photon
flux Φ, but the maximal ee is achieved earlier. (b) In the case of an achiral solution which is first converted
to a racemate with σA = 1.00 × 1015 from which finally an achiral solution (scenario 6.1) or a different
racemate (6.2) is produced in a second step, the solution of Eq. (A.0.1) shows that a doubling of Φ leads
to a similar behavior as in scenarios 7/8. However, the time point when the maximal ee is reached is
delayed compared to scenarios 7/8 due to the formation of the racemate. (c) If the intermediate racemate
is formed with σR

LC = 1.005 × 10−16 and σR
RC = 1.000 × 10−16 from an initially racemic mixture, the

dynamical evolution of the maximal ee takes even longer [confer Eq. (A.0.2)]. (d) If the intermediate is an
enantiomeric excess (k = 0.1) formed with σE = 1.0 × 10−16 the maximal ee is significantly lower [confer
Eq. (A.0.3)]. (e) Dependence of the optimal time point (violet, right axis) and maximal ee value (orange,
left axis) on the photon flux Φ for scenarios 7/8 (solid) and 6.1/6.2 (dashed). (f) Ratio between the
maximal ee and the optimal time point for different values of σA in scenario 6.1/6.2 (solid), normalized
to the value for Φ = 1 × 1015 photons/s. The black dashed line corresponds to scenarios 7/8. (g) Ratio
between the maximal ee and the optimal time point for different values of σR

LC, while σR
RC = 1.000×10−16

is kept fixed, in scenario 8.1/8.2 (colored solid), normalized to the value for Φ = 1 × 1015 photons/s.
The black dashed line corresponds to scenarios 7/8. (h) Ratio between the maximal ee and the optimal
time point for different values of σE (k = 0.1 kept fixed) in scenario 9.1/9.2 (colored solid), normalized
to the value for Φ = 1 × 1015 photons/s. The black dashed line corresponds to scenarios 7/8.

XX A. Steinbacher: Circular dichroism and accumulative polarimetry of chiral femtochemistry

Dissertation, Universität Würzburg, 2015



in Fig. 8.4. Hence, to characterize such curves the time point at which this maximum is
achieved and the maximum signal magnitude are the two key features of an accumulative
OR experiment. Thus, in the following the different scenarios are compared by looking
at these two features with respect to a variation of the pump pulse energy. Recording the
ee for different pump pulse energies might provide a measure to distinguish scenarios 7/8
from scenarios 6.1/6.2, 8.1/8.2, and 9.1/9.2. Note that also an increase in absorption by a
concentration change could be performed instead of a variation of the pump-pulse energy,
since the product Φσ is always present in the formulas describing the scenarios. A doubling
of the photon flux Φ changes the time point of maximal ee (the optimal time point) for
all scenarios depicted in Fig. A.3a-d to shorter irradiation times. To elucidate this change
quantitatively the behavior of the maximal ee for different Φ values is visualized for
scenarios 7/8 and scenarios 6.1/6.2 in Fig. A.3e (orange, left axis). Although the absolute
values are different, the curve for scenarios 6.1/6.2 is approximately a scaled version of
that for scenarios 7/8. Hence, a distinction is not possible by determining the maximal
ee for an unknown solution. However, the optimal time point at which the maximal ee is
achieved changes differently for scenarios 7/8 and 6.1/6.2 upon varying Φ. This different
dependence on Φ is elucidated in Fig. A.3e (blue, right axis).

The different behavior of scenarios 7/8 (solid) and 6.1/6.2 (dashed) with respect to
variation of Φ is best visualized if the ratio between the maximal ee and the optimal time
point, normalized to the value for Φ = 1 × 1015 photons/s, is plotted. This is shown
for various different values of σA in Fig. A.3f (colored solid lines). If σA approaches zero,
and is thus significantly smaller than σR

RC and σR
LC, it takes infinitely long to populate the

intermediate racemate in scenarios 6.1/6.2 [confer Eq. (A.0.1)]. Thus scenarios 6.1/6.2
convert in that case to scenario 5, which can be distinguished since no signal can be
recorded by the polarimeter. On the other hand, if σA is significantly larger than σR

RC and
σR

LC, scenarios 6.1/6.2 approach scenarios 7/8, for t > 0, since in this case the racemate
is formed rapidly via the second term on the right hand side of Eq. (A.0.1). This leads
to the same signal shape as for scenarios 7/8 for σA = 1 × 10−10 and larger values of
σA. Hence, in Fig. A.3f the slope for scenarios 6.1/6.2 approach the black dashed line,
representing scenarios 7/8. However, since for an unknown sample one would measure
only one slope and is not able to compare to a different case a discrimination is not
unambiguously possible in general. Yet, if σA ≪ σR

RC, σ
R
LC, it should be possible to

distinguish scenarios 7/8 from 6.1/6.2 since one would even see the delayed rise (see arrow
in Fig. A.3b) in the measurement signal because the non-zero signal is a consequence of
the second interaction only. This effect is already slightly visible in Fig. A.3b.

Scenarios 8.1/8.2 are compared to scenarios 7/8 in Fig. A.3g. Again, the ratio between
the maximal ee and the optimal time point normalized to the value for Φ = 1 × 1015 pho-
tons/s is presented. However, in Fig. A.3g the colored solid lines refer to different values
for σR

LC while σR
RC = 1.000 × 10−16 was kept fixed [confer Eq. (A.0.2)]. For the pre-

sented parameters, which are of the same magnitude as σR2
RC, σR2

LC a distinction between
scenarios 7/8 and 8.1/8.2 is not achievable by comparing the slopes since they do not dif-
fer significantly. However, since the initial state of scenario 8.1/8.2 is also chiral and one
would observe a comparable signal to scenario 7 (compare Figs. A.3a and A.3c) one would
conclude that a racemic mixture was present in the solution before the experiment, which
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is indeed true. Even if the cross sections for the first and the second interaction differ
significantly (e.g. by several orders of magnitude) a distinction might not be possible by
measuring ee kinetics with different pump intensities, since once again only one slope in
Fig. A.3g would be measured. Note that the parameters were chosen so that the sign of
the optical rotation change is identical for the first and the second interaction. If these
differed, also a sign change in the observed signal might be visible and thus a distinction
would be rather straight-forward. Furthermore, in the case that the absolute values of
σR

LC − σR
RC and σR2

LC − σR2
RC are identical but the sign differs, no signal is observed at all.

This extremely special case thus cannot be resolved.
In the case of scenarios 9.1/9.2 and scenarios 7/8, discrimination might be achieved by

measuring ee kinetics with varying pulse energies for the circular polarized pump pulses,
as presented in Fig. A.3h. As in the two examples before, the ratio between the maximal
ee and the optimal time point normalized to the value for Φ = 1 × 1015 photons/s is
plotted. In this case, the conversion rate from the initial racemate to the intermeditate
enantiomeric excess σE is varied while k = 0.1 (corresponding to an ee = 0.1) is kept
fixed, leading to the colored solid lines in Fig. A.3h. If σE approaches zero, and is thus
significantly smaller than σR

RC and σR
LC, it takes infinitely long to populate the intermediate

ee in scenarios 9.1/9.2 [confer Eq. (A.0.3)], thus it converts to scenario 7/8 which is
represented by the black dashed line in Fig. A.3h. On the other hand, if σE is significantly
larger than σR

RC and σR
LC, scenarios 9.1/9.2 approach scenario 9, i.e., a constant offset

signal for prolonged illumination can be detected. Hence, this extreme case can be easily
distinguished. However, a distinction might not be possible in general. This can be seen
from Fig. A.3h where the result for various values of σE is shown. Again, since in an
actual experiment only one slope would be measured and no comparison can be made
a distinction is not possible in general. Note that the parameters were chosen that the
sign of the optical rotation change is identical for the first and the second interaction.
Otherwise, the sign of the optical rotation change signal might again change at a given
point in time and thus a distinction is rather straight-forward.

Summing up the simulation results this far, it is possible to distinguish scenarios 7/8
from 6.1/6.2 and from 9.1/9.2, as well as scenarios 6.1/6.2 from 9.1/9.2, for certain param-
eter ranges if ee kinetics are measured for different pulse energies of the utilized circularly
polarized pump pulses. However, in general for an unknown sample an optical discrimi-
nation is not possible if two (or even more) subsequent photoreactions within the fs pump
pulse train occur. Nevertheless, as mentioned before, the cases where a subsequent pho-
toreaction with a second photon occurs are unlikely such that in the most common case
of only one photoreaction optical discrimination of racemic and achiral solutions is always
possible.

Optically active final state

In the following it will be discussed if the distinction between scenario 9 and scenarios 6.3,
8.3, and 9.3 is possible. Again, a possible route is the measurement of ee kinetics with
circularly polarized (LC or RC) fs pump pulses and varying the pulse energy. The discrim-
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ination of scenario 9 from scenarios 6.3, 8.3, and 9.3 is necessary since the signal shape, as
sketched in Fig. A.2, can be very similar. Hence, the distinction between scenario 9 and
scenario 6.3 is of special interest since here the initial state is either racemic (scenario 9)
or achiral (scenario 6.3). The starting point for the simulations is to define the differential
equation for scenario 9, i.e., how a racemate is turned into an ee. This can be described
with the help of

dNR(t)
dt

= dpu

(
N0

2
−NR(t)

)
− 1 − k

2
ΦσENR(t) (A.0.4)

where σE refers to the dimensionless cross section of the initial racemic mixture which is
converted to an ee, described by k. Like an ee [compare Eq. (8.4.3)] k can range from 0
to 1, corresponding to a racemic mixture or purely one enantiomer, respectively. Since
in Eq. (A.0.4) initially a racemic mixture is assumed, the relation NR(t = 0) = N0

2 must
hold. An analogous relation to Eq. (A.0.4) holds for the S-enantiomer (if R is exchanged
with S).

Scenario 6.3 can be modeled similarly to scenarios 6.1/6.2 [confer Eq. (A.0.1)] where the
formation of the racemic mixture with the photoreaction triggered by the first photon can
be modeled via an additional term in Eq. (A.0.4). Hence, scenario 6.3 can be described
by

dNR(t)
dt

= − (Φ1 − k

2
σE + dpu)NR(t) (A.0.5)

+ 1
2

ΦN0σ
Adpu + ΦσAe−t(dpu+ΦσA)

dpu + ΦσA

where σA refers to the dimensionless cross section of the initially achiral molecules in
the solution which get converted to enantiomers, constituting the intermediate racemic
mixture. The photoreaction triggered by the second photon is characterized in analogy
to scenario 9 with σE being the dimensionless cross section transferring the intermediate
racemate to an ee, which is described by the parameter k. Furthermore, the condition
NR(t = 0) = 0 must be obeyed since prior to illumination no enantiomers are present
in the solution. An analogous relation to Eq. (A.0.5) holds for the S-enantiomer (if R is
exchanged with S) so that the second term, populating the intermediate racemate, on the
right-hand side has a prefactor of 1

2 .

The signal for scenario 8.3 can be derived in analogy to Eq. (A.0.5), only the first
photoreaction now differs for RC and LC light. Hence, the defining differential equation
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takes the form

dNR(t)
dt

= − (Φ1 − k

2
σE + dpu)NR(t) (A.0.6)

+ 1
2

ΦN0σ
R
RC
dpu + ΦσR

RCe
−t(dpu+ΦσR

RC)

dpu + ΦσR
RC

where σR
RC refers to the dimensionless cross section for RC light for the starting R-

enantiomer. Here, the condition NR(t = 0) = 1
2N0 holds since the initial molecular

solution is a racemic mixture. Again, the photoreaction triggered by the second photon
is characterized in analogy to scenarios 9 and 6.3 with σE being the dimensionless cross
section transferring the intermediate racemate to an ee, which is described by the param-
eter k. An analogous relation to Eq. (A.0.6) holds for the S-enantiomer (if R is exchanged
with S).

Finally, scenario 9.3 can be modeled by

dNR(t)
dt

= − (1 − kE2

2
σE2Φ + dpu)NR(t) + 1 − kE1

2
ΦσE1× (A.0.7)

2dpu + (1 − kE1)ΦσE1e− t
2 (2dpu+(1−kE1)ΦσE1)

2dpu + (1 − kE1)ΦσE1

where σE1 refers to the dimensionless cross section for conversion of the initial racemate
to the intermediate enantiomeric excess E (described by kE1) while σE2 describes the
dimensionless cross section for the conversion of the intermediate ee to the final ee E2
(described by kE2) (compare Fig. A.2b). Here, the condition NR(t = 0) = 1

2N0 holds since
the initial molecular solution is a racemic mixture. An analogous relation to Eq. (A.0.7)
holds for the S-enantiomer (if R is exchanged with S). Hence, by solving Eqs. (A.0.4),
(A.0.5), (A.0.6), and (A.0.7) for both enantiomers and calculation of the ee following
Eq. (8.4.3) one arrives at simulated curves as presented in Fig. A.4 where the four above
described scenarios are juxtaposed.

Again, recording the ee dynamics for different pump pulse energies might provide a
measure to differentiate scenario 9 from scenarios 6.3, 8.3, and 9.3 as will be discussed in
the following. A doubling of the photon flux Φ changes the time point of maximal ee (the
optimal time point) for all scenarios depicted in Fig. A.4a-d to shorter irradiation times.
However, like in the cases of Fig. A.3 the change upon higher pump pulse energies must
be elucidated quantitatively to assess if a discrimination is possible. Thus, in Fig. A.4e
(orange, left axis) the behavior of the maximal ee for different Φ values is visualized for
scenario 9 and scenario 6.3. Like in Fig. A.3e, the optimal time point is presented in
Fig. A.4e (violet, right axis) for those two scenarios as well. Also in this case a distinction
between scenarios 9 and 6.3 is not possible in general if the ee kinetics are measured for
different intensities of the circular (LC or RC) polarized pump pulses.

This is seen once more by plotting the ratio between the maximal ee and the optimal
time point for different values of σA in scenario 6.3 and normalizing to the value for
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Figure A.4: Simulation of accumulative OR experiments sketched in Fig. A.2. Simulation parameters
are (comparable to experiment): N0 = 3.85 × 1012, Φ = 2.00 × 1015 photons/s, dpu = 0.0643 1/s,
σE = σE2 = 5.000 × 10−16, and k = kE2 = 0.1. (a) Dynamical evolution in the case of a racemate which
is converted to an enantiomeric excess according to Eq. (A.0.4). The maximal ee value is hardly changed
for a doubling of the photon flux Φ, but the maximal ee is achieved earlier. (b) In the case of an achiral
solution which is first converted to a racemate with σA = 1.00 × 1015 from which an ee is produced
in a second step, the solution of Eq. (A.0.5) shows that a doubling of Φ leads to a similar behavior as
in scenario 9. However, the optimal time point at which maximal ee is reached is delayed compared
to scenario 9 due to the formation of the racemate. (c) If the intermediate racemate is formed with
σR

LC = 1.005×10−16 and σR
RC = 1.000×10−16 from an initially racemic mixture, the dynamical evolution

of the maximal ee takes even longer [confer Eq. (A.0.6)]. Furthermore, the achievable maximal ee is
significantly lower compared to scenario 9. (d) If the intermediate is an enantiomeric excess (k = 0.1)
formed with σE = 1.0 × 10−16 the maximal ee is slightly lowered if the photon flux is doubled. The
dynamic evolution can be described via Eq. (A.0.7). However, the signal magnitude and shape is rather
comparable to scenario 9. (e) Dependence of the optimal time point (violet, right axis) and maximal ee
value (orange, left axis) on the photon flux Φ for scenarios 9 (solid) and 6.3 (dashed). (f) Ratio between
the maximal ee and the optimal time point for different values of σA in scenario 6.1/6.2 (solid), normalized
to the value for Φ = 1 × 1015 photons/s. The black dashed line corresponds to scenario 9. (g) Ratio
between the maximal ee and the optimal time point for different values of σR1

LC, while σR1
RC = 1.000×10−16

is kept fixed, in scenario 8.3 (colored solid), normalized to the value for Φ = 1 × 1015 photons/s. The
black dashed line corresponds to scenario 9. (h) Ratio between the maximal ee and the optimal time
point for different values of σE1 (kE1 = 0.01 kept fixed) in scenario 9.3 (colored solid), normalized to the
value for Φ = 1 × 1015 photons/s. The black dashed line corresponds to scenario 9.
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Φ = 1 × 1015 photons/s (Fig. A.4f, colored solid). If σA approaches zero, and is thus
significantly smaller than σE, the formation of the intermediate racemate takes infinitely
long in scenario 6.3 [confer Eq. (A.0.5)], thus it converts to scenario 5, which then can be
distinguished from scenario 9 since no signal can be recorded by the polarimeter. On the
other hand, if σA is significantly larger than σE, scenario 6.3 approaches scenario 9, for
t > 0, since in this case the racemate is formed rapidly via the second term on the right
hand side of Eq. (A.0.5). This leads to the same straight line as for scenario 9 (black
dashed) in Fig. A.4f for σA = 1 × 10−10 and larger values of σA. However, if σA ≪ σE, it
should be possible to distinguish scenario 9 from 6.3 since one should even see the delayed
rise in the measurement signal. This effect is already slightly visible in Fig. A.4b (see
arrow).

In analogy to Fig. A.4f scenario 8.3 is compared to scenario 9 in Fig. A.4g. Again,
the ratio between the maximal ee and the optimal time point normalized to the value for
Φ = 1 × 1015 photons/s is presented. However, in Fig. A.4g the colored solid lines refer
to different values for σR

LC while σR
RC = 3.995 × 10−16 was kept fixed [confer Eq. (A.0.6)].

As already visible from the exemplary simulated data in Fig. A.4c the magnitude of the
maximal ee is smaller compared to the other scenarios presented in Fig. A.4a,b,d. This is
reasonable, since the intermediate racemic mixture must be formed first before the final
ee is achieved (see also the delayed rise, marked by an arrow, in Fig. A.4c). Nevertheless,
for an unknown solution the signal magnitude would also be unknown, thus a distinction
must be performed with a different route. Discrimination of scenario 8.3 from scenario 9
might again be possible by measuring with different pump pulse energies as is deducible
from the different slopes in Fig. A.4g if additional information on possible cross sections
and thus the expected slope are known. For greater cross sections σR

LC,σR
RC the maximal

ee would rise until in the limiting case of infinite cross sections scenario 8.3 would transfer
to scenario 9. Note that here again the parameters where chosen such that the sign of
the optical rotation change of the final ee and the intermediate racemate are identical.
Otherwise a sign change in the signal would be observable which would make a distinction
easier.

Lastly, the case of scenario 9.3 will be discussed. From Fig. A.4h, where again the
ratio between the maximal ee and the optimal time point normalized to the value for
Φ = 1 × 1015 photons/s is presented, one can already deduce that a distinction is hardly
achievable since the slopes of the colored solid lines differ only slightly from the one of
scenario 9 (dashed black). In this case the colored solid lines refer to different values of σE1

while kE1 = 0.01 was kept fixed. For these parameters, which are comparable to σE2 and
kE2, a distinction between scenario 9 and 9.3 seems impossible, given the experimental
noise of the presented experimental data (confer Fig. 8.4). Nevertheless, since both the
intermediate and the final state correspond to an ee, while the initial state is racemic, such
a signal would lead to the correct assignment that the initial sample solution is racemic.
Furthermore, the simulation parameters were chosen such that the sign of the simulated
optical rotation is identical for both interactions. Otherwise also a sign change in the
optical rotation change signal would be detected and thus a distinction would be possible.

Summing up the simulation results for optical discrimination in cases where the final
solution is optically active, i.e., an enantiomeric excess, one can conclude that scenarios 6.3
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and 8.3 might be distinguishable from scenario 9 by varying the photon flux of the circular
polarized fs pump pulses. However, in general a distinction is not possible for an arbitrary
unknown solution if several interactions with the fs pump pulse train occur. The same
holds in the case of scenario 9.3 where an unambiguous discrimination is not possible
except the intermediate and final state are substantially different.

Conclusion

Summarizing all results contained in this appendix, an optical discrimination of all pos-
sible pathways after two subsequent photoreactions triggered by the first and the second
photon of the fs pump pulse train is not possible in general. Hence, if more than one
photoreaction takes place for the solutes in the sample volume and the photochemical
reaction pathways of the solutes are unknown, ambiguities remain whether the initial
solution was achiral or racemic. However, the scenarios discussed within this appendix
are far less common than the one-photon scenarios, and still some of them can be distin-
guished in certain parameter ranges with the method presented in Chapter 8. The most
common case, where the experiment is carried out in a linear power regime and only one
photoreaction occurs, is discussed in Chapter 8 where distinction of racemic from achiral
solutions is always possible.
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Appendix B

Modeling laser-induced birefringence
As described in Chapter 9, the source of the residual CD signal in a TRCD measurement
of an achiral sample is the imperfection of the ellipticity of the probe polarizations. These
artifacts can be modeled with the help of Eq. (9.1.2) and originate from laser-induced
linear and/or circular birefringence [106, 119, 121, 371]. As mentioned already in Sec. 9.1,
routes to model such artifacts are already known in the literature [119, 371]. However,
since the TRCD spectrometer introduced in Chapter 9 is quite different to the known
techniques in this appendix the modeling of laser-induced birefringence artifacts, i.e.,
Eq. (9.1.2), will be derived.

As a starting point serves the definition of CD in Eq. (2.4.21), i.e., the difference in
absorption for LC and RC polarized light. Since in a TRCD experiment one is interested
in the change in CD, ∆CD, Eq. (2.4.21) changes to Eq. (9.1.1), i.e., the difference in
absorption change for LC and RC polarized light. With the help of Eq. (2.4.20) one can
re-write Eq. (9.1.1) to

∆CD = − log
(
ILC

I0LC

)
+ log

(
IRC

I0RC

)
= log

(
IRCI0LC

ILCI0RC

)
(B.0.1)

where the intensity of the LC polarized probe before I0LC and after ILC passing the sample
are utilized. In analogy, I0RC and IRC are defined as the intensity of the RC polarized
probe before and after passing the sample.

The imperfection of the ellipticity for the LC and the RC probe polarization are mod-
eled as a superposition of the intensity for perfect linearly (I0LC,lin, I0RC,lin) and perfect
circularly (I0LC,circ, I0RC,circ) polarized light [119, 371]

I0LC = I0LC,lin + I0LC,circ. (B.0.2)

Similar relations hold also for the intensities after passing the sample. Furthermore, the
two summands on the right-hand side of Eq. (B.0.2) can be related to each other with
the help of the elliptical pulse parameters (confer Sec. 2.3.1). As one can deduce from the
projection of a polarization ellipse (see e.g. Fig. 2.4) the semi-minor axis corresponds to√
I0LC,circ while the major axis can be described by

√
I0LC,lin +

√
I0LC,circ. Hence, with the

help of Eqs. (2.3.7) and (2.3.14) one can describe the ellipticity of the LC probe εLC in
this case with

εLC = arctan


√
I0LC,lin +

√
I0LC,circ√

I0LC,circ

 . (B.0.3)

Again, an analogous relation holds for the ellipticity of the RC probe εRC.
The last component of the derivation is the modeling of the absorption of linearly and
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circularly polarized light. As already described in Sec. 9.1.2 it is hereby assumed that the
absorption of LIN polarized light is decoupled from the absorption of circularly polarized
light and can be modeled via ILC,lin = ηLINI0LC,lin for the linearly polarized fraction of
the LC probe. The same relation holds also for the RC probe, i.e., IRC,lin = ηLINI0RC,lin.
The parameter ηLIN can be related to an optical density via ηLIN = 10−OD with the help
of Eq. (3.2.1). In analogy the absorption of LC (ηLC), and RC (ηRC) polarized light is
modeled.

Thus, by using these relations and by inserting Eq. (B.0.3) (and its analog relation for
RC light) into Eq. (B.0.1) one can derive the residual CD signal to

∆CD = log
(

{ηLIN[tan(εRC) − 1]2 + ηRC}{[tan(εLC) − 1]2 + 1}
{ηLIN[tan(εLC) − 1]2 + ηLC}{[tan(εRC) − 1]2 + 1}

)
(B.0.4)

which equals Eq. (9.1.2). For a discussion of that formula see Sec. 9.1.2.
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