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Abstract
The dynamics of molecules in the gas and liquid phase is investigated using ultrafast
optical techniques. The development of sub-25 fs ultrafast sources using noncollinear
optical parametric amplification is discussed. These intense pulses are utilized in coherent anti-Stokes Raman scattering to investigate vibrational motion in I2 Br2 and
IBr.
For larger bio-molecules relevant dynamics may not be related to the absorption of
light. Here, a new technique is introduced, in which an optically excitable molecule
is incorporated into the bio-molecule. Photoisomerization of the trigger molecule
initiates structural rearrangement in the larger system. To demonstrate this approach, azobenzene was synthesized into short strands of DNA to time-resolve base
pair destacking dynamics and DNA melting. The isomerization of azobenzene in thin
polymer films (and their corresponding change in optical properties) was also used to
write birefringence and surface relief gratings. This method was used to demonstrate
a rewritable Bragg filter for telecom wavelengths.
Lastly, an alternative to typical crystal based wavemixing is presented for the generation of ultrafast tunable ultraviolet and deep ultraviolet pulses. The approach utilizes
difference frequency four wave mixing in hollow waveguides filled with noble gas.

i

Figure 1: The top picture shows an example of non-resonant Coherent Anti-Stokes
Raman Scattering, or CARS, formed when three 25 fs laser pulses are overlapped in
a microscope cover-slide. In the middle and bottom pictures, either one of the pump
beams or the Stokes beam was blocked. This pattern is a result of cascaded third
order processes.
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Chapter 1
Introduction
When studying chemical reaction dynamics we would like to observe the motion of
electrons and nuclei of a molecule as it undergoes a chemical reaction. While most
chemistry is concerned only with the reactants and products, that is, the start and
end-point of the chemical reaction, ultrafast laser pulses, with durations of the same
order as molecular vibrations, offer the first tool with sufficient time resolution to
probe the transition states of the reaction.

Many groups work on this problem in the gas phase, using charged particle detection
to measure either the photo-electron and/or the photo-ion spectrum as a function of
time between a pump-pulse bringing the molecule into an excited state of interest,
and a probe-pulse, leading to ionization.
With the exception of atmospheric chemistry, however, most reactions in nature take
place in solvents. Although it would be ideal to study these reactions in their native conditions, liquid phase experiments often turn out to be complicated due to
the strong interactions between the molecules and the solvent. This often leads to a
1
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broad featureless linear absorption spectrum, making analysis and interpretation of
the experiments a convoluted affair.

In an effort to circumvent these effects, some researchers work on making the connection between gas and liquid phase systems by, e.g., performing the same experiments
with successive numbers of water molecules added in cluster experiments, approaching the liquid phase one water molecule at a time. While this remains an active area
of research, new sources delivering tunable sub-30fs pulses opens the door to applying nonlinear optics as a probing technique for the study of molecular dynamics in
the liquid phase. For this work, the time-domain wave-packet formulation of spectroscopy is appropriate. Consider the shifts in shape, maxima and width of electronic
absorption bands as a function of interaction with a solvent or structural changes.
These can be understood in terms of local changes to the properties of the ground
and excited potential energy surfaces within the Franck-Condon region (where there
is overlap between the vibrational levels of the ground and excited state). By creating
a wavepacket on the surface of interest, and probing it as it is allowed to evolve, these
changes will leave their mark on the wavepacket shape and dynamics. Based on the
observation of the evolution of the wavepacket, we can thus learn much about the
molecular dynamics [1].

Creating and probing the wavepacket dynamics in the liquid phase is conveniently
performed applying Non-Linear Optics (NLO) schemes. Taking femtosecond time resolved coherent Anti-Stokes Raman scattering (CARS) spectroscopy as an example.
It is possible to create and monitor vibrational wavepackets in either the ground or
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excited electronic state, depending on a time delay between the three laser pulses involved. The inherent broad bandwidths of ultrashort laser pulses excel at the creation
and probing of wavepackets, and it is often possible to take advantage of the high
peak powers and tunability of the ultrashort laser pulses in order to greatly enhance
the signals that are inherently very small.

Using the language of perturbation theory, NLO techniques such as time-resolved
CARS spectroscopy, which are third order in the electric field will have several contributions to the polarization induced in the medium, and thus to the outgoing electric
field. In the following, this induced polarization, the matrix element used to calculate
it and the diagram of the interaction are used interchangeably. Some of the possible
polarizations stem from the different time ordering of the three electric fields, and
whether the interaction involves excitation or stimulated emission. Others appear
only when the initial state of the molecular system is not a pure state, but rather
some coherent superposition of states as prepared by e.g. laser, or an incoherent
ensemble with population in the lower states dictated by the Boltzmann distribution.
As shorter pulses are used for NLO probing, it becomes increasingly difficult to ensure that only a single polarization contributes to the observed signal. When more
polarizations add, it is difficult to extract the wavepacket behavior. This is one of
the areas explored in this thesis.

Another area explored in the thesis is that of even larger molecules, with biological relevance. Here it is typical that the function is intricately connected with the
form or structure. If we are interested in studying this class of molecules we would
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like to find some way to trigger the relevant dynamics. Our approach has been based
on the idea of incorporating a photo trigger into the bio-molecule. This would allow
us to study dynamics that we are otherwise not able to photo trigger.

1.1

Thesis Outline

This thesis has two main topics. The first is the use of nonlinear optical techniques
for probing molecular dynamics in the gas and liquid phase. The second extends that
work towards studying dynamics of larger bio-molecules, where a molecular switch
has been incorporated to initiate a certain structural rearrangement. The main sections are described below:

1) The first chapter of the thesis is dedicated to femtosecond technology, since the
production, characterization, and application of femtosecond pulses underlies all the
work presented in the following chapters.

An important part of this chapter is devoted to the Non-collinear Optical Parametric
Amplifier, or NOPA, a new source for widely tunable pulses, much shorter than the
fundamental driving fields. This source is used in many of the following experiments,
and in many femtosecond labs around the world. The section also deals with the
fundamental concept of dispersion, and pulse propagation through prism and grating
compressors, all of which are important tools of the trade.

2) In chapter 2 the dynamics of well known and simply diatomic molecules, iodine,
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bromine and iodide bromide are studied in the gas phase, applying a promising nonlinear optical probing technique, known as electronically resonant CARS (Coherent
Anti-Stokes Raman Scattering). The simple molecular systems are used as benchmarks, where everything in principle can be calculated, making it possible to investigate the origin and behavior of the CARS signal in full detail.

3) The experiences in the previous chapter clearly demonstrate the need to start
with simpler experimental techniques where contributions from many polarizations
are less likely, when the molecular system under study is complicated and less well
known. This led to the construction of the transient absorption setup described in
this chapter.

4) Chapter 4 covers the first steps towards an entirely new way of initiating dynamics that can be studied with pump-probe techniques. With the possible exception
of retinal, (which is responsible for the start of the vision process) and chlorophyll,
(the pigment active in photosynthesis), the function of most bio-molecules is not
connected with photochemistry initiated upon absorption of a photon. Instead, it
is intimately tied to their structure. For this class of molecules it would be interesting to initiate relevant structural dynamics with a photo-trigger molecule. That
is the subject of this chapter, where azobenzene has been incorporated as a photo
trigger in small sections of DNA, in an effort to study photo triggered melting of DNA.

5) This chapter focusses on another novel use of azobenzene derivatives. By incorporating the azobenzene group into a polymer, thin azo-polymer films can be made,
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and it is possible to write either birefringence or surface relief gratings into these films
by exposure to the fringes of an interference pattern generated with a laser driving
the cis-trans isomerization. These gratings can easily be erased either optically (for
the birefringence grating) or thermally (for the surface relief grating). This chapter
describes the making of rewritable Bragg filters for the telecom 1550nm band based
on azo-polymer surface relief gratings.

1.2

Femtosecond Technology

Optics in the regime where the superposition principle can be applied to the electromagnetic field, when the response of a material does not depend on the intensity of
light is called linear optics. With the invention of the laser in the 1960’s, it became
possible to reach such high intensities that the optical properties become functions
of the intensity of the field. This opened up studies to the exciting area of nonlinear
optics. The development of ultrashort light pulses has led not only to an increase of
the intensity by many orders of magnitude, but also to a whole host of phase effects,
which take place regardless of the intensity. These effects are related to the fact that
a short pulse cannot be monochromatic, but must have a certain spectral bandwidth.
As can be shown by Fourier transformation, a pulse with a Gaussian envelope of Full
Width Half Max (FWHM) ∆t must have a spectral width (FWHM) satisfying the
inequality ∆t·∆ν ≥0.441. This can be called the field of pulsed or ultrafast optics.
It is fascinating that all of these effects, both linear and nonlinear, come into play in
the creation, amplification, and characterization of ultrashort pulses. The first step
in this chain is the femtosecond oscillator.
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1.2.1

Femtosecond Oscillator

Millenia V

Output
coupler

M2 L

d2

M1

Ti:Al2O3

M3

P1

d1
P2
M4

Adjustable
slit

Figure 1.1: Typical cavity design for a self mode-locked Ti:sapphire oscillator using
Kerr Lens Mode-locking (KLM) as briefly described in the text. The Millenia V is
the pump laser, M1 is the output coupler, M2, M3 and M4 are cavity mirrors, P1
and P2 are the two intra-cavity prisms, and L is the pump focusing lens. The slit is
used to select the bandwidth and center frequency for the oscillator.
Taking a typical self mode-locked Ti:sapphire oscillator as an example, the operating principle can be described as follows: the gain medium, a rod of sapphire
doped with T i3+ ions (Ti:sapphire), has a very wide gain bandwidth and can thus
support many longitudinal cavity modes. When these modes are added with random
phases, the result is randomly fluctuating light inside the cavity and the laser is said
to operate as a continuous wave laser (cw laser). If the phases of the cavity modes
have a fixed phase relation, the modes of the cavity are said to be locked, and the
output is a train of pulses, with the pulse length depending on the number of modes
involved, and the pulse separation depending on the length of the cavity. There exists a number of different mechanisms for mode-locking. The oscillator seeding the
Legend Elite Chirped Pulse Amplifier (CPA) system takes advantage of the Kerr lens
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Figure 1.2: The time evolution of the electric field in the case of an un-chirped pulse
(middle) and in the case of a pulse with a negative (left) and positive (right) linear
chirp. For the un-chirped pulse, the frequency content is constant as a function of
time, while the frequency decreases (increases) with time for a negatively (positively)
chirped pulse.
effect to achieve self mode-locking. The Kerr effect is the responsible for the intensity
dependence of the refractive index. For high electric field intensities the refractive
index has an intensity dependent component, and has to be written as n = n0 + n2 I.
For the oscillator considered here, the Kerr effect takes place inside the Ti:sapphire
crystal, where the cavity mode comes to a waist. The rays at the center of the Gaussian intensity profile will experience a higher index than the rays at the wings of the
Gaussian due to the Kerr effect, and the medium will thus behave like a focusing lens,
hence the name Kerr lens effect. The result is that a strong intensity maxima inside
the laser cavity will focus more tightly inside the Ti:sapphire crystal than a weaker
one. If the spot size of the pump laser on the crystal is chosen to be smaller than
the waist of the cavity mode, the strong intensity maxima will have a better overlap
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with the pump, and thus be amplified more than the weaker ones. This competition
will thus favor a situation where the phases of different longitudinal cavity modes are
locked together, and all that is needed to achieve mode-locking is to provide some
perturbation to the system to cause a coupling of a few modes together, creating
a peak in the intra-cavity intensity. The crystal is a dispersive material, and the
different wavelengths present in the pulse will experience different refractive indices,
n(λ). The wavelength dependent refractive index for transparent media is generally
described well by the Sellmeier formula, which typically includes three resonant terms.
The location of these resonances give rise to the shape of n(λ). Approaching a resonance from below, n increases with wavelength, which is the case for most materials
from the UV-near IR region, as the resonances in the UV contribute most to n here.
This case is therefore called normal dispersion. Above a resonance n decreases with
wavelength. This is the case for many materials approaching the IR, as resonances
at higher wavelengths become dominant contributors to n. This is called anomalous
dispersion. For normal dispersion, where the index decreases as wavelength increases,
the blue part of the spectrum has a higher n and thus a lower group velocity than
the red part, and it will consequently lag behind. This effect, called Group Velocity
Dispersion (GVD), will lead to an increase in the pulse duration, accompanied by
a change in the instantaneous frequency of the pulse with time. A pulse where the
frequency rises as a function of time, i.e. dω/dt > 0, is said to be positively chirped,
and if the reverse is true, dω/dt < 0, it is said to be negatively chirped. This is the
reason for the two prisms inside the cavity. The prism are positioned in such a way
that they exactly cancel the GVD introduced by passing through the Ti:sapphire crystal: i.e. the dispersion for a pulse inside the cavity is exactly zero after one round trip.

10
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1.2.2

Chirped Pulse Amplification

a)
M2

VRR

in

M1

out

1
2
3
4

Figure 1.3: Sketch of a grating stretcher. The oscillator beam enters from the left,
reflects off the grating, G, aligned near Littrow angle (1st order reflected back along
the incoming beam). The 1st diffracted order then reflects off the focusing mirror,
M1, and is folded back along the incoming beam by the flat mirror, M2, but angled
slightly down. After the second diffraction of the grating the beam is dispersed in the
horizontal plane, but with no angular dispersion. The diffracted beam is then sent
to the vertical retro-reflector (VRR) sending the beam back for another pass of all
elements but at a slightly lower beam height. After two passes the spatial profile of
the beam is reconstructed but the pulse has been stretched in time to ∼200ps. The
inset shows the beam pattern for a well aligned stretcher, with numbers indicating
the ordering of the spots.
The pulse energy obtainable from the oscillator is typically only a few nJ, so for
many applications the pulses need to be amplified. Because of the peak power of
the ultra-short pulses is so high, trying to amplify them directly is likely to result in
damage of the optical components in the amplifier. Instead, another technique called
Chirped Pulse Amplification (CPA) is often used. Here the pulses are first stretched
in time to ∼200ps by an arrangement of angular dispersion and imaging elements,
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then amplified, typically to a few mJ, and then compressed back to the original pulse
length.

The femtosecond CPA system used for the experiments in this thesis was a Spitfire/Legend Elite system from Positive Light and Coherent [2]. This system is based
on stretching with an Offner triplet grating stretcher, regenerative amplification, and
compression with a grating compressor. The 80MHz pulse-train of nJ pulses from
the oscillator is first sent through a stretcher setup, as sketched in Fig. 1.3. The
polarization is P, and the grating is aligned for near Littrow angle, since the gratings
are most efficient for this polarization state and blazed for this application. Next,
the beam is picked off and sent to a periscope, rotating the polarization to S, before
continuing on to the amplifier. Here it seeds the amplifier by a reflection from one of
the Brewster windows of the purge box around the Ti:sapphire crystal. The regenerative amplifier consists of Ti:sapphire as gain medium, inside a cavity. In order to
switch pulses in and out it has two quarter wave Pockels cells, a quarter waveplate,
and a thin film polarizer (TFP), optimized for low intracavity loss for P-polarization,
and high reflectivity for S-polarizataion. A schematic of the arrangement can be seen
in Fig. 1.4. Typical repetition rates for this type of system are 1-10kHz, but most
systems are operated at 1kHz.

The switching can be explained as follows: when both Pockels cells are off, the Spolarized seed beam reflects off the Brewster window of the crystal purge box and
enters the cavity. The only birefringent component is the quarter waveplate, which
is aligned at 45◦ . At the end mirror we will thus have circular polarization, and after
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another pass through the quarter waveplate the beam will be P-polarized and experience low losses at all the Brewster interfaces and the TFP. Going back through the
cavity the beam will again pass the quarter waveplate twice, rotating the polarization
back to S, which will then be ejected by the TFP. To sum, when both Pockels cells
are off, the pulses pass the crystal 3 times before being ejected. It is now simple to
see how to switch pulses in and out of the cavity. If PC1 is switched to quarterwave
voltage after the target pulse has passed, it is trapped inside the cavity, since the
pockels cell and quarter waveplate negate each other. The trapped pulse now typically takes ∼15 roundtrips, amplifying it to saturation, and is then switched out by
the second Pockels cell, PC2, when it is set to quarter wave voltage. This rotates the
polarization to S so the pulse is reflected from the TFP, and sent to the expanding
telescope and pulse compressor.

S-pol

S-pol
TFP

PC2

λ/4

PC1

Figure 1.4: Sketch of a regenerative amplifier. The cavity consists of concave end
mirrors and flat folding mirrors surrounding Ti:sapphire crystal, which is the gain
medium. The crystal is pumped from both sides with green (527 nm) ∼200 ns pump
pulses from two Evolution-30 DPSS pump lasers. PC1 and PC2 are quarter-wave
Pockels cells, λ/4 is a quarter waveplate, and TFP is a thin-film polarizer.
The compressor is based on the use of a single grating and two retro reflectors,
one horizontal and one vertical. A sketch of the layout can be seen in Fig. 1.5.
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3

4

HRR

out

VRR

in

G

Figure 1.5: Sketch of the layout of a folded grating compressor. The beam enters from
below, and is directed to the grating, G, mounted near the Littrow angle. The first
order diffraction is then reflected back to the grating with a horizontal retro-reflector,
HRR, and hits the grating dispersed. It is then directed back along the same path,
roughly 20mm higher, by a vertical retro reflector (VRR). The inset shows the beam
pattern on the grating for a well aligned compressor.

1.2.3

Non-collinear Optical Parametric Amplification

This section looks in detail at a new source for ultrafast spectroscopy, the non-collinear
optical parametric amplifier (NOPA). The Non-collinear arrangement allows labs with
a femtosecond system producing pulses in the range 100-150fs, access to new experiments with very short pulses (sub-30fs) that are easily tunable in the visible and NIR
spectral regions [3]. The NOPA can also serve as the first tunable step in femtosecond
UV pulse generation through either doubling or sum frequency generation.

1.2.4

The Non-collinear Geometry

The idea behind the non-collinear geometry in parametric amplification is a simple
one. By introducing an angle, α between the signal and the pump wave, it gives

14

CHAPTER 1. INTRODUCTION

a)
ωp

ωp = ωs + ωi

ωs

Energy conservation for the parametric
amplification process.

ωi

E
b)
k p= k s + k i
ks
α

crystal
θ
optic axis

ki
kp

Vector diagram showing the non collinear
geometry used to achieve broad band
phasematching for the parametric
amplification.

Figure 1.6: Conditions for parametric amplification. Here, ωp , ωs and ωi are the
frequencies of the pump, signal and idler fields respectively. kp , ks and ki are the
wave vectors, θ the phase matching angle, and α is the angle between the signal and
the pump. When both a) energy conservation, and b) the geometry for momentum
conservation or phase matching are met, parametric amplification can occur.

A

B

α
C
2

2

2

B = A + C - 2AC cos(α)

Figure 1.7: Cosine relation for the wave vector diagram shown in Fig. 1.6. Details
are given in the text.
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the problem a new degree of freedom, which, when chosen correctly, permits a very
broad phase matching bandwidth for the process. A sketch of this geometry is shown
in Fig. 1.6. To calculate the phase-matching angle for a certain crystal and α, the
Sellmeier formulas are first used to find the ordinary and extraordinary refractive
index (no and ne ) as a function of wavelength. Considering only the norm of the
wave vectors, |kp | = ωp np /c, |ks | = ωs ns /c and |ki | = ωini /c as shown in Fig. 1.6 and
applying the cosine relation (Fig. 1.7), we arrive at the formula:

(ni ωi )2 = (np ωp )2 + (ns ωs )2 − 2np ωp ns ωs cos(α)

(1.1)

Rearranging we get a quadratic equation in np :

n2p − 2np ns

ωs
(ns ωs )2 − (ni ωi )2
cos(α) +
=0
ωp
ωp2

(1.2)

Given the Sellmeier equations for β-BBO (β-BaB2O4 ), which is the nonlinear
optical crystal typically used in NOPAs:

n2o (λ) = 2.7359 +

n2e (λ) = 2.3753 +

0.01878
− 0.01354λ2
λ2 − 0.01822

(1.3)

0.01224
− 0.01516λ2
− 0.01667

(1.4)

λ2

Where all wavelengths are in µm. This equation can now be solved for a given
angle between the pump and signal, α, giving us the pump refractive index, np required by phase matching. For type-I phase matching, the signal and idler fields are
polarized along the ordinary axis of the crystal, while the pump field polarization is
along a linear combination of ne and no as given by the phase matching angle θ.
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The refractive index for a beam propagating through a uniaxial birefringent medium
is given by the index ellipsoid:
sin(θ)2
cos(θ)2
1
=
+
ne (λp , θ)2
ne (λp )2 no (λp )2

(1.5)

Using the trigonometric identity sin2 (θ) + cos2 (θ) = 1 we can rewrite this:


1
1
1
1
2
= sin(θ)
−
+
(1.6)
2
2
2
ne (λp , θ)
ne (λp )
no (λp )
no (λp )2
and find the phase matching angle through the expression:


1
1
− no (λp )2
ne (λp ,θ)2
2

sin (θ) = 
1
1
− no (λp )2
ne (λp )2

(1.7)

We can now choose a certain angle,α, between the signal and pump wave vectors
and use the above formulas to calculate the phase matching angle, θ, as a function of
the signal wavelength, λs , given the pump wavelength, λp .
An example of such a graph can be seen in Fig. 1.8 showing non-collinear amplification in BBO, pumped with the second harmonic of Ti:sapphire. In this figure
several curves are shown, each corresponding to different angles between the signal
and pump beam. For a value of α =3.7◦ (internal), the phase matching angle has a
wide plateau over a very wide range of signal wavelengths. This occurs at θ =31.5◦
and results in phase matching over a very wide bandwidth for the parametric amplification process.

It is also possible to use the third harmonic of Ti:sapphire to pump the parametric amplification. For this case the phase matching curves can be seen in Fig. 1.9.
This figure shows phase matching curves for non-collinear angles, α ranging from 4
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Figure 1.8: Phase matching curves for non-collinear amplification in BBO pumped
with the second harmonic of Ti:sapphire. Each curve corresponds to a different angle,
α, between the pump and signal wave vectors. For α=3.7◦ , the phase matching curve
becomes almost vertical over ∼300nm, from λS =0.5-0.8 µm, corresponding to the
wide bandwidth phase-matching for BBO at a crystal angle of 31.5◦ .
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Figure 1.9: Phase matching diagram for non-collinear amplification in BBO pumped
with the third harmonic of Ti:sapphire.
to 8◦ . At α =6.2◦ (internal), a plateau in the phase matching angle at θ =52.6◦ can
be seen. With this geometry it would be possible to achieve phase matching over a
bandwidth from ∼370-470nm. This UV-pumped NOPA has been demonstrated in
several labs as a potential source for generating ultrashort pulses tunable in the UV
region directly, without the many frequency mixing steps normally taken when an
800nm pumped OPA is used as a starting point [4]. A potential drawback appears
to be the tendency of colour center formation in the BBO crystal, driven by the high
intensities of the pump at 266nm. In the following we limit discussion to the NOPA
pumped by the second harmonic of Ti:sapphire.
Given a broadband seed for the amplification process it is possible to generate ultra
broadband visible pulses [3]. In the case of the NOPAs used in the following chapters
the amplification is seeded by a white light filament generated by focusing ∼1µJ of
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the 800 nm fundamental beam in a sapphire window. While this is the typical choice,
seeding the NOPA with a continuum generated in CaF2 has been shown to improve
performance [5], and would be an improvement worth considering in the future. An
example of the layout of a NOPA with two stages of amplification has been included
in Fig. 1.10.

A)

wedge

400nm
BS

SHG
BBO

HR@400nm
45P
Ag

Ag
CC

IR1 sapphire
WLG

HR@400nm
0deg

HR@400nm
0deg
CC

BBO
1mm
θ=31.5deg

pump
block

HR@400nm
45P

pump
block

BBO
2mm
θ=31.5deg

B)
signal

400nm

HR@400nm
0deg
CC

Ag

SF

BBO
θ=31.5deg

side view of the geometry for the
non-collinear amplification

pump
block

Figure 1.10: Sketch of the layout of a typical 400 nm pumped two stage NOPA. Panel
A shows a top view layout of the beam path. Dashed components are concave 400 nm
high reflectors below the normal beam height. Panel B shows a side view of one of the
amplification steps, showing the angle between signal and pump beams, along with
their polarization. This also shows the cone of superflourescence (SF) that is visible
by eye for the second amplification step, and can be very spectacular when there is
no seed.
Pumped with 250µJ, 90fs long pulses centered at 800nm, a two stage NOPA can
produce pulses with tens of µJ energy, tunable in the visible and NIR region, with
bandwidths that can support 20-30 fs long pulses. The pulses are typically chirped
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to 100-200 fs after the second amplification step due to accumulated dispersion. Fortunately it is quite straightforward to compress them close to the Fourier-transformlimited pulse length with a simple fused silica prism compressor.

1.2.5

Ultrashort Pulse Characterization

Proper characterization of ultrashort pulses is as important as their generation and
application. Since the fastest photo detectors have response times of a few hundred
picosecond it is clear that other approaches are necessary for ultrafast experiments.
All present techniques are therefore based on some form of self referencing. Below is
a description of the basic principles.

The most basic technique for ultrafast pulse measurement is optical autocorrelation.
Although many variations exist the focus will initially be on the second harmonic
background-free intensity-autocorrelation. A typical variant of such a setup can be
seen in Fig. 1.11, where the incoming pulse is split in two replicas, and one is delayed,
τ , with respect to the other
The two pulses are then overlapped in a nonlinear crystal under a small angle,
and the sum frequency signal from these two pulses is measured with a slow photo
detector. The intensity autocorrelation signal, A(τ ), has the form:
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BS1
BS2

Det

BBO

CM

Figure 1.11: This figure shows a sketch of a scanning background free intensity autocorrelator based on second harmonic generation. BS1 and BS2 denote beam splitters,
and CM a concave mirror that focuses both pulses into the nonlinear crystal, BBO.
In order to balance the dispersion in the two arms of the setup, the beams are split
on the front face of BS1, and BS2 has been flipped over so that the beams can be
recombined on the backside.

A(τ ) =

Z

∞
∞

I(t)I(t − τ )dt,

(1.8)

By measuring this signal as a function of the delay time, τ , pulse lengths can
then be extracted by fit, assuming an appropriate temporal shape. Typically either
temporal Gaussian or Sech2 pulse shapes are assumed, and lead to good fits. This
technique is experimentally quite simple to implement, and can be set with a repetition rate of several Hz on a kHz femtosecond laser system, which makes it suitable
for online optimization of pulse compressors.

If the geometry for the two beams going into the nonlinear crystal is made collinear,
the autocorrelation signal will contain both a background term from each of the
beams separately, and a signal stemming from the cross term of the two electric
fields. This geometry is called an interferometric autocorrelator. The interferometric
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autocorrelation signal is given by:

AIF (τ ) =

Z

∞
∞

|(E(t) + E(t − τ ))2 |2 dt,

(1.9)

Writing out this expression can help illustrate the various components of the
interferometric autocorrelation trace:

AIF (τ ) =

Z

∞

dt[E(t)2 + E(t − τ )2 + 2E(t)E(t − τ )]·

∞
∗

[E (t)2 + E ∗ (t − τ )2 + 2E ∗ (t)E ∗ (t − τ )]
Z ∞
AIF (τ ) =
dt[E(t)2 E ∗ (t)2 + E(t − τ )2 E ∗ (t − τ )2

(1.10)

(1.11)

∞

+4E(t)E(t − τ )E ∗ (t)E ∗ (t − τ )
+E ( t)2 E ∗ (t − τ )2 + 2E(t)2 E ∗ (t)E ∗ (t − τ )
+E ( t − τ )2 E ∗ (t)2 + 2E(t − τ )2 E ∗ (t)E ∗ (t − τ )
+2E ( t)E ∗ (t − τ )E ∗ (t)2 + 2E(t)E(t − τ )E ∗ (t − τ )2 ]
The electric fields can now be gathered into intensities, since |E(t)|2 = E(t)E ∗ (t) =
I(t), resulting in the expression:

AIF (τ ) =

Z

∞
∞

dt[I(t)2 + I(t − τ )2

+4I(t)I(t − τ )
+E ( t)2 E ∗ (t − τ )2 + 2I(t)E(t)E ∗ (t − τ )
+E ( t − τ )2 E ∗ (t)2 + 2I(t − τ )E(t − τ )E ∗ (t)
+2I(t)E ∗ (t − τ )E ∗ (t) + 2I(t − τ )E(t)E ∗ (t − τ )]

(1.12)
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It is now evident that the expression is composed of several different contributions.
The first term is a constant:
Z

∞
∞

(I(t)2 + I(t − τ )2 )dt,

(1.13)

the second term is an intensity autocorrelation:
Z

∞
∞

(4I(t)I(t − τ ))dt,

(1.14)

the third term is an interference term, oscillating at the fundamental frequency, ω, in
delay:
Z

∞

∞

((I(t) + I(t − τ ))E(t)E ∗ (t − τ ) + c.c.)dt,

(1.15)

Where c.c. is used as shorthand for the the complex conjugate terms. The fourth
term is another interference term oscillating at 2ω in delay:
Z

∞
∞

(E(t)2 E ∗ (t − τ )2 + c.c.)dt,

(1.16)

Examples of intensity and interferometric autocorrelation traces can be seen in
Fig. 1.12. This figure shows the autocorrelation traces for a transform-limited and
a positively-chirped input pulse. These traces are by nature symmetric around t=0,
and it is clear that the interferometric technique is sensitive to the chirp of the pulse,
while the intensity autocorrelation technique only measures the pulse length.
A more advanced but quite popular method for pulse characterization, named
Frequency-Resolved Optical Gating, (FROG), was invented in 1991 by Rick Trebino
and Dan Kane. FROG is a spectrally resolved autocorrelation, which allows the use
of an iterative algorithm to retrieve the pulse amplitude and phase as a function of
time, from the FROG trace [6].
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Figure 1.12: The top panel of this figure shows the real part of the electric field for
a transform limited (left) and a positively (right) chirped pulse. The second and
third rows show the corresponding noncollinear intensity autocorrelation trace and
the interferometric intensity autocorrelation traces, respectively.
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Another popular diagnostic technique is spectral interferometry for direct electric
field reconstruction, (SPIDER), invented by Ian Walmsley [7]. This technique uses
an interferometric ultrashort pulse measurement in the frequency domain based on
spectral shearing interferometry. It relies on the generation of two replicas of the
incoming pulse with a fixed time delay, along with a heavily chirped pulse. By overlapping these pulses in a nonlinear crystal, each pulse replica will sum frequency mix
with a different monochromatic spectral component of the chirped pulse. The result
is an interferogram, from which both amplitude and phase of the incoming pulse can
be calculated in a single step process based on Fourier transformation.

When working with 20-30 fs pulses in the visible and UV region, it is usually sufficient
to use the simpler types of characterization such as a scanning autocorrelator base on
SHG described above. This is still a very useful and fast tool for everyday diagnostics
of ultrashort pulses. In many cases it is also arguable whether it is really important to
measure the phase across the pulse spectrum if there is no way to modify the spectral
phase with adaptive pulse compression techniques. However, when moving to pulses
much below 20 fs, adaptive techniques such as 4-f pulse shapers, deformable mirror
based compressors [8], or Acousto-Optic Programmable Dispersive Filter (AOPDF),
and chirped mirrors, become essential tools of the trade [9].
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1.3

Propagation of Ultrashort Pulses

A program that can calculate what happens to an ultrashort pulse as it propagates
through material, prism, and grating compressors is a valuable tool when working in
the field of femtosecond optics. This chapter outlines the general structure of such a
program.

Two approaches to these calculations are described here and have both been used
at our lab:

(i) Define a femtosecond laser pulse of duration τ , and electric field E(t) in the
time domain. Perform the Fourier Transform (FT) to find the corresponding spectral
components E(ω). Use the Sellmeier equations to calculate the refractive index at
the center frequency, n(f0 ), and the derivatives, also evaluated here

∂n ∂ 2 n
,
∂f ∂f 2

and so

on. The appropriate phase φ(f ), can now be written as a Taylor expansion around
the center frequency, f0 as:
φ(f ) = φ0 + (f − f0 )

∂φ
∂f

f0

1
∂2φ
+ (f − f0 )2
2
∂f 2

1
∂3φ
+ (f − f0 )3
6
∂f 3
f0

...,

(1.17)

f0

this phase factor can be applied to the pulse simply by multiplying:
E1 (f ) = E0 (f ) · exp(−iφ(f )),

(1.18)

Upon Fourier transformation back to the time domain, the pulse length can be found.
Using the expressions for the Group Velocity Dispersion (GVD) and approximate
Third Order Dispersion (TOD) of a prism compressor, given in Diels & Rudolph [10],
the corresponding phase factor can again be expressed as a Taylor expansion, and
added in frequency domain. The TOD expression used here is exact as long as the
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length of the prism compressor is much larger than the distance the beam propagates
inside the prisms. The reason for this is that the angular dispersion of the beam from
the first to the second surface of P1 and P2 has been neglected when deriving these
expressions.

(ii) Another approach, which could be called a ray tracing approach, does not rely
on a Taylor expansion of the phase. Here the refractive index is calculated for each
frequency component of the pulse, resulting in an exact expression for the phase:
φ(f ) =

2πn(f )
L,
c

(1.19)

Where c is the speed of light, and L is the length of material with refractive index
n(f ). The dependance of the refractive index on the frequency or wavelength is well
described by Sellmeier equations, which are simple fits to experimental measurements.
It is important to remember that these fits are only valid over a certain spectral window, and that the fits may give a very poor description of the refractive index outside
this range.

In order to extract the Group Delay (GD), the GVD, TOD etc. this phase is simply
fit with a polynomial. Before applying the phase in the frequency domain, the constant phase (carrier envelope phase) and the linear phase term (GD) are subtracted,
as it is convenient to have the output pulse centered at t = 0. The phase factor is
again multiplied in the frequency domain, yielding the output pulse shape and pulse
length, which is often the only information of interest.
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1.3.1

Prism Compressor

Figure 1.13: A typical two prism sequence used in a prism based compressor. The
relative position of the prisms are given by the distance t, and the separation s
between the parallel faces OB and O ′ B ′ . The initial beam enters the first prism
a distance OA = a from the apex. The distance t2 between the parallel faces OA
and O ′A′ is t2 = t sin(α) + s cos(α). The solid line ABB ′ A′ D traces the beam path
of the frequency component Ω. The beam at the frequency Ω + dΩ is shown as a
dashed line, while the dotted line indicates the optical path in the second prism if
the distance BB ′ is reduced to zero (as shown in Fig. 1.14) D is a point on the phase
front a distance, u, from the apex, O ′, of the second prism. Adapted from Diels &
Rudolph [10].
The ’ray tracing’ approach can also be applied to a prism compressor. The single
pass total phase from propagation through both glass and air can be written as:
φpc =

2πf
(n(f )Lg + BB ′ + A′ D),
c

(1.20)
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Figure 1.14: Beam passage through the two prisms, when the distance BB ′ has been
reduced to zero. The distance between the two prism apexes, O and O ′ written as
OO ′′′ = t − BB ′ sin(θ3 ) in Fig. 1.13 can now be inserted to write the distance between
parallel faces as g = OO ′′′ sin(α) = (t − BB ′ sin(θ3 )) sin(α). Adapted from Diels &
Rudolph [10].
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Figure 1.15: Details of the beam passage through the second prism. Adapted from
Diels & Rudolph [10].
Where Lg is the amount of glass with refractive index n(f ), that a ray propagates
through in the prism compressor. As shown in Fig. 1.13, the first term is simply the
phase due to the propagation in the glass of prism 1 and 2. BB ′ is the distance in air
between the second face of P1 and the first face of P2. A′ D is the path length from
the second face of P2 to the position, D, on the phase front of the dispersed beam.
Using isosceles prisms of apex angle α, and aligning the prisms for the least angle of
deviation for the center frequency, f0 , the different contributions to this phase can be
written as:
Lg = (t − s · tan(θ3 ))
BB ′ =

s
cos(θ3 )

sin(α)
cos(θ1 )

(1.21)
(1.22)

A′ D = −O ′ A′ sin(θ0 )

(1.23)

O ′ A′ = (t − s · tan(θ3 ))(cos(α) + sin(α) tan(θ1 )) − a

(1.24)
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Where a is the distance from the beam to the tip of P1, t is the prism tip to tip
distance, along the second face of P1, and s is the perpendicular distance between
the second face of P1 and first face of P2. At the least angle of deviation, θ1 = α/2.
For Brewster angle incidence, the apex angle is then given by α = 2θ1 = π − 2θ0 =
π − 2 tan(n(f0 )). Using Snell’s law, we can now insert θ1 at the center frequency to
find the entrance angle, θ0 , which will then be used to find the frequency dependant
angles θ1 and θ3 in terms of the apex angle, α and θ0 :


θ0 = arcsin n(f ) sin(α/2)


1
θ1 = arcsin
sin(θ0 )
n(f )

(1.25)
(1.26)

θ2 = α − θ1

(1.27)

θ3 = arcsin(n(f ) sin(θ2 ))

(1.28)

As long as the Taylor expansion is valid (i.e. converges), these two approaches should
be equivalent. However, for ultrashort pulses (e.g. sub 10 fs), which are now routinely
available from oscillators and NOPAs in many labs, bandwidths become so large that
the ray tracing approach should prove more applicable.

In order to verify that the material dispersion was calculated correctly, the values
of the GVD and TOD were compared with the CVI catalog [11, 12], Fig. 1.16. The
prism compressor results were compared with table 2.2 in Diels & Rudolph [10] and
agreed perfectly with the values given there.
A few examples are given below of the code used to calculate dispersion and
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Figure 1.16: Shown here is the calculated GVD (left) and TOD (right) for different
materials as a function of wavelength.
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compression of UV and DUV femtosecond pulses that are typically used in the lab:
starting with a transform limited 30fs long pulse at 200 nm, which is quite a realistic
DUV pulse that can be generated in a number of ways today, we first consider the
dispersion from propagation through a thin CaF2 window, see Fig. 1.18. The main
information from this figure is the applied GVD (781 fs2 ) and TOD (234 fs3 ). Using
the expressions for the prism compressor, it is now possible to evaluate two different
prism compressors, using either fused silica (FS) prisms or calcium flouride (CaF2 )
prisms. By optimizing the compressor length, t, it is possible to cancel the GVD of
the thin CaF2 window. The result can be seen in Fig. 1.19. This figure not only
shows that propagating through the thin CaF2 window stretches the 30 fs, 200 nm
pulse to 78 fs, but also gives the optimized compressor length as 4.7 cm for the FS
compressor and 7.5 cm for the CaF2 compressor. Another point of this exercise is
that the CaF2 based compressor introduces significantly less TOD (-5374 fs3 versus
-10438 fs3 for FS), which is why it is possible to compress the pulse back to an almost
transform limited 32fs with the CaF2 based compressor, while the pulse from the FS
prims compressor results in 35 fs pulse, with a significant post pulse or shoulder.
It is clear that the prism compressor, optimized to cancel the positive GVD from
material, also adds significant negative TOD due to the angular dispersion expression.
Although GVD and TOD from materials are typically positive, it is not possible to
cancel both simultaneously, since the ratio of GVD/TOD of relevant glasses in the
UV are higher, as shown in Fig. 1.17. Typically it is only necessary to consider higher
order dispersion terms when dealing with sub 20 fs NIR/visible pulses. For UV or
DUV pulses it becomes an issue sooner, but it is still possible to work with pulses
down to ∼30 fs at 200 nm, if care is taken when choosing materials and thickness
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Figure 1.18: Calculated phase after propagation of a 200 nm, 30 fs transform limited
pulse through 3.2 mm CaF2 , corresponding to the entrance window on a vacuum
chamber. The blue line in the top plot shows the total phase, with the constant
φ0 and linear part (φ′ f ) subtracted. The green line shows the residual third order
contribution after subtraction of the quadratic phase term (GVD). The middle section
shows the residuals of the fit with a third order polynomial. The spectrum of the
pulse is shown in the lower section.
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Figure 1.19: Calculating the phase contribution of a prism compressor set up for
200 nm, 30 fs pulses, using either fused silica (FS) or CaF2 prisms. Optimizing the
prism separation, L, we can exactly cancel the GVD introduced by the CaF2 window,
but are left with different values of TOD. The four figures presented here illustrate
this. The left two figures show the phase contribution of the FS prism compressor and
the pulse intensity envelope of the input and output pulse after propagation through
the material and optimized prism compressor. The right two plots show the same for
a CaF2 prism compressor.
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of any transmissive optic. For the cases where the higher order terms are the limit,
two strategies to minimize the TOD contributions could be to either (i) minimize the
amount of material in the beam, and use materials with a small ratio φ′′′ /φ′′ , or (ii)
use a different approach to compression, such as a combination of prism and grating
compressor setup, or some form of pulse shaping, to remove these higher order phase
terms. Grating based compressors, which have much lower third order dispersion
contribution, are discussed below.
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1.3.2

Grating Compressor

Figure 1.20: A sketch of the two parallel gratings in a grating compressor. For
convenience, the reference wavefront is chosen at the line P P0 , directly above the
point where the incoming beam hits the first grating, G1, at the point A. Here, d is
the line spacing on the grating, b is the grating spacing along their surface normal,
ωl the center frequency of the laser pulse and Ω the frequency of another part of the
spectrum. Adapted from Diels & Rudolph [10].
Following the nomenclature of Diels & Rudolph, the phase applied by a grating
compressor can be expressed as follows. By first defining d as the grating line spacing,
β as the incident angle on the first grating (G1), the diffracted angle, β ′ is given by
the grating equation, as a function of frequency:

sin(β ′ ) − sin(β) =

′

β = arcsin



c
fd

c
+ sin(β)
fd

(1.29)


(1.30)

The optical path length, ACP , and the total single pass phase, φgc , can now be
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Figure 1.21: Calculated phase after propagation of a 200 nm, 10 fs transform limited
pulse through 3mm CaF2 , corresponding to the entrance window on a vacuum chamber. The blue line in the top plot shows the total phase, with the constant φ0 and
linear part (φ′ f ) subtracted. The green line shows the residual third order contribution after subtraction of the quadratic phase term (GVD). The middle section shows
the residuals of the fit with a third order polynomial. The spectrum of the pulse is
shown in the lower section.
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Figure 1.22: Calculating the phase contribution of a prism compressor with CaF2
prisms, set up for a center wavelength of 200 nm, 10 fs pulses. The left panel shows
the phase introduced by the optimized prism compressor. The right panel shows the
input pulse (blue), the pulse after propagation through a window (green) and finally
the pulse after the prism compressor (red). The prism separation, t, was chosen to
cancel the GVD introduced by the window, resulting in a large residual negative TOD
contribution. The output pulse is consequently asymmetric in shape and followed by
a series of post pulses.
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Figure 1.23: The left figure shows calculated phase contribution of a grating compressor, set up to compress 200 nm, 10 fs pulses. The right panel shows the input
pulse (blue), the pulse length after propagation through a window (green) and finally
the pulse after the grating compressor (red). It is clear that the optimized grating
compressor adds a much smaller positive TOD contribution to the phase of the pulses,
and that the output pulses are much closer to the transform limit.
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expressed as:
b
(1 + cos(β + β ′ ))
cos β ′
2πf
2πmb
=
ACP −
tan(β ′)
c
d

ACP =
φgc

(1.31)
(1.32)

Where the first term of Equ. 1.32 consists of two contributions. The first stems
from the optical path length, kL, traveled through the compressor by different parts
of the spectrum. The second term originates from the 2πm phase difference between
light diffracting off successive rulings of the second grating (G2), where m is the
diffraction order. Since only relative phase differences across the spectrum matter,
this term is conveniently measured from the interception of the normal at the point
A with G2. With the equations for both the prism and grating based compressor in
place, the two forms of compression of very short DUV pulses can be compared. As
an example a transform limited 10 fs, 200 nm pulse is chosen, and could potentially
be generated by Four-Wave Mixing (FWM) in a filament as demonstrated by Suzuki
et al. [13]. Propagating this pulse through 3mm CaF2 (corresponding to, e.g., the
entrance window of a vacuum chamber) introduces a GVD of 732 fs2 and TOD of
219 fs3 , stretching the pulse to 200 fs, see Fig. 1.21. The results of compressing this
pulse with either a CaF2 prism compressor, or a grating based compressor can be
seen in Fig. 1.22 and Fig. 1.23, respectively. It is clear from these figures that the
negative TOD (-5346 fs3 ) introduced by the prism compressor dominates the output.
With the prism separation chosen to cancel the GVD term, the output looks like a
train of pulses hundreds of femtoseconds long, trailing the main pulse. The grating
based compressor, on the other hand, shows compression to a nice clean 12 fs pulse,
with a small pre-pulse due to the remaining positive TOD (219 fs3 from the material,
and 250 fs3 from the grating compressor).
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1.4
1.4.1

Nonlinear Optics
Introduction

Since the framework of nonlinear optics is needed for the following chapters, this
section gives a short introduction to the fundamentals, focusing on the atomic or
molecular origin of the signal generation through the nonlinear optical susceptibility.
The treatment essentially follows the steps of Boyd [14].
The goal is to develop an expression for the third order nonlinear optical phenomena, as this is the lowest order term present for media with inversion symmetry.

1.4.2

Theory

Let us consider the induced dipole moment per unit volume, or polarization, P (t),
of a material in an electric field, E(t). In the case of conventional, linear optics, the
induced polarization will depend linearly on the electric field strength:

P (t) = χ1 · E(t),

(1.33)

Where the constant χ1 is known as the linear susceptibility. In nonlinear optics the
induced polarization is instead expressed as a power series expansion in the electric
field:
P (t) = χ1 E(t) + χ2 E 2 (t) + χ3 E 3 (t) + ...
≡ P (1) (t) + P (2) (t) + P (3) (t) + ...,

(1.34)
(1.35)

The quantities χ2 and χ3 are known as the second and third order nonlinear optical susceptibilities. While χ1 is responsible for linear phenomena such as absorption,
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refraction, and reflection, χ2 describe processes that are second order in the field, such
as sum frequency generation (SFG) and difference frequency generation (DFG). In
isotropic mediums, e.g. gas or liquid phase, all even orders of χ = 0, leaving us with
the third order as the lowest nonlinear optical response. The third order nonlinear
optical susceptibility is responsible for processes such as third harmonic generation
(THG), Four-wave mixing (FWM) processes, specifically Coherent Anti-Stokes Raman Scattering (CARS) and the Kerr effect.

For non-resonant processes, the nonlinear susceptibility can be found using wavefunction perturbation theory. This serves as a nice introduction to the techniques used,
and is almost identical to the development using density matrix formalism, which is
suited to resonant cases and cases where relaxation processes need to be rigourously
included. For the case of perturbation theory, consider an atomic or molecular system
described by the time-dependent Schrödinger equation (SE):
i~

∂
|ψ(r, t)i = Ĥ|ψ(r, t)i,
∂t

(1.36)

Where H is the Hamiltonian operator:

Ĥ = Ĥ0 + V̂ (t)

(1.37)

Written as the sum of a field-free Hamiltonian, H0 and an interaction term, V̂ (t),
describing the interaction of the atom or molecule with the electromagnetic field.
Typically the interaction term will be of the form:

V̂ (t) = −µ̂ · Ẽ(t)

(1.38)
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Where µ̂ = −er̂, is the electric dipole momentum operator and, −e, the charge of
the electron. The electric field is expanded in plane wave components with positive
and negative frequency components written as:

Ẽ(t) =

X

E(ωp )e−iωp t

(1.39)

p

For the case in which there is no applied field it is assumed that the solution is
known, i.e. that the energy eigenstates of the system are given:
|Ψn (r, t)i = e−iωn t |n(r)i

(1.40)

Substituting this into the SE 1.36 we see that the wavefunctions |n(r)i must
satisfy:

Ĥ0 |ni = En |ni

(1.41)

Where En = ~ωn . Assuming that the basis functions, |ni, form an orthonormal
basis set:

hm|ni = δnm

(1.42)

The expression for the Hamiltonian can now be replaced with another where the
interaction strength is scaled with a factor λ, between 0 and 1:

Ĥ = Ĥ0 + λV̂ (t)

(1.43)

Solutions in the form of a power series in λ can now be sought using:

|Ψ(r, t)i = |Ψ(0) (r, t)i + λ|Ψ(1) (r, t)i + λ2 |Ψ(2) (r, t)i + ...

(1.44)
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This ensures that the N-th order correction to the wavefunction, |ψ N (r, t)i is of
order N in the interaction V (t). Inserting 1.44 into the SE 1.36 and requiring that
all terms proportional to λ(N ) satisfy the equality separately, the equations obtained
are:
i~

i~

∂ (0)
|ψ i = Ĥ0 |ψ (0) i
∂t

∂ (N )
|ψ i = Ĥ0 |ψ (N ) i + V̂ |ψ (N −1) i,
∂t

(1.45)

N = 1, 2, 3...

(1.46)

If the case where the system is initially in the ground stage, g, is considered, the zero
order wavefunction is given by:

|Ψ(0) (r, t)i = e−iωg t |g(r)i

(1.47)

Let us then expand the N-th order contribution to the wavefunction |ψ (N ) i on the
field-free basis set as:
|Ψ(N ) (r, t)i =

X

(N )

cl

l

(t)e−iωl t |l(r)i

(1.48)

Inserting this into Eqn. 1.46 results in the following equality:
i~

X
l

(N )

ċl

(t)e−iωl t |l(r)i =

X
l

(N −1)

cl

(t)e−iωl t V̂ |l(r)i

(1.49)

Multiplying this expression from the left with hm(r)| and using the orthonormality
condition of the basis functions, the following expression for the expansion coefficients
is obtained:

)
−1
ċ(N
m (t) = (i~)
)
ċ(N
m (t)

= (i~)

−1

X
l
X
l

(N −1)

(t)e−i(ωl −ωm )t hm(r)|V̂ |l(r)i

(N −1)

(t)eiωml t Vml

cl
cl

(1.50)
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Where ωml = ωm − ωl and hm(r)|V̂ |l(r)i = Vml . Integrating this expression yields:
)
c(N
m (t)

= (i~)

−1

XZ
l

t′

(N −1)

dt′ cl

′

(t′ )eiωml t Vml (t′ )

(1.51)

−∞

Once the amplitudes for the (N −1) perturbation order have been found, obtaining
the next higher order amplitudes c(N ) is now straightforward. Since the wavefunction
solution in perturbation theory is now known, the susceptibilities can be found by
first calculating the dipole moment per atom or molecule, p, as the expectation values
of the electric dipole operator to different order:

hp(1) i = hψ (0) |µ|ψ (1) i + hψ (1) |µ|ψ (0) i

(1.52)

hp(2) i = hψ (0) |µ|ψ (2) i + hψ (1) |µ|ψ (1) i + hψ (2) |µ|ψ (0) i

(1.53)

hp(3) i = hψ (0) |µ|ψ (3) i + hψ (1) |µ|ψ (2) i + hψ (2) |µ|ψ (1) i + hψ (3) |µ|ψ (0) i

(1.54)

Concentrating on the first order term, inserting ψ (0) and ψ (1) , the following expression for the dipole moment per atom or molecule is:

1 XX
hp i =
~ p m
(1)




µgm [µmg · E(ωp )] [µgm · E(ωp )]µmg −iωp t
+
e
∗ −ω
ωmg − ωp
ωmg
p

(1.55)

Since the sum is over both positive and negative frequency components, ωp , we
can formally replace ωp with -ωp in the second term. The polarization is given by
P(1) = Nhp(1) i, where N is the number density of atoms or molecules. Writing the
P
polarization as a Fourier series expansion P(1) =
p P(ωp ) exp(−iωp t), the linear
susceptibility can finally be extracted by comparing the above expression with the
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(1)

definition of the Fourier amplitudes Pi (ωp ) =
sion is:
(1)
χij (ωp )

P

j

(1)

χij Ej (ωp ). The extracted expres-



µjmg µigm
N X µigm µjmg
=
+
~ m ωmg − ωp ωmg + ωp

(1.56)

It is clear from the different denominators that the first term can become resonant
when ωp = ωmg , and that this will never be possible for the second term. For cases
in the vicinity of a resonance it is therefore often possible to ignore the non-resonant
contribution, since the resonant term will dominate the response. This effect is called
resonant enhancement.

The derivations for the second and third order susceptibilities follow the same lines,
there are just more terms to keep track of. In the interest of brevity, only the results
and the implications of their form are given. The second order nonlinear susceptibility
can be expressed as:
(2)
χijk (ωσ , ωq , ωp )

N YX
= 2
~ p,q mn



µign µjnm µkmg
(ωng − ωp − ωq )(ωmg − ωp )

µjgn µinm µkmg
+
(ωng + ωq )(ωmg − ωp )

µjgn µknm µimg
,
+
(ωng + ωq )(ωmg + ωp + ωq )

(1.57)

This is the response of the Fourier component of χ at the frequency ωσ = ωp + ωq .
Q
In this expression p,q denotes the permutation operator. The expression has to be
averaged over both permutations of the field frequencies ωp and ωq . The indices j
and k have to be permuted at the same time.
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The third order nonlinear susceptibility can be described by:
(3)

χkjih(ωσ , ωr , ωq , ωp )

µkgν µjνn µinm µhmg
N YX
= 3
~ p,q,r mnν (ωνg − ωr − ωq − ωp )(ωng − ωq − ωp )(ωmg − ωp )
µjgν µkνn µinm µhmg
+
(ωνg + ωr )(ωng − ωq − ωp )(ωmg − ωp )
µjgν µiνn µknm µhmg
+
(ωνg + ωr )(ωng + ωr + ωq )(ωmg − ωp )

µjgν µiνn µhnm µkmg
,
+
(ωνg + ωr )(ωng + ωr + ωq )(ωmg + ωr + ωq + ωp )

(1.58)

which is the third order response of the Fourier component of χ at the frequency
Q
ωσ = ωp + ωq + ωr , and p,q,r denotes the permutation operator. In this perturba-

tive description of the susceptibilities, damping phenomena can be incorporated in a
crude way, by taking the transition frequencies to be complex, e.g. ωmg is given by
0
0
ωmg = ωmg
− iΓm /2. Here ωmg
is the real transition frequency and Γm the population

decay rate of the upper level m. Keep in mind that this technique cannot describe
population moving between levels, nor does it cover de-phasing processes which do
not transfer population. Examples of the photon diagrams, or resonance structure,
of the third order nonlinear susceptibility have been sketched in Fig. 1.24.

It is popular to represent these matrix elements by double sided Feynman diagrams. It is however a good idea not to rely to heavily on these, since it is easy to
forget a diagram when drawing them from memory. Normally it is safer to return
to the actual expressions. A small mention of the conventions when drawing the
diagrams is in order though. The matrix elements are read from right to left. The
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diagram, as shown in e.g. Fig. 1.25 for the case of χ(3) , is written from the bottom,
with two lines giving the initial state of the system. Each interaction with the field
is represented as a vertex either on the left or the right side of the diagram, depending on which side of the matrix element has been changed. Absorption (emission)
of a photon is represented by an arrow going up, pointing towards (away from) the
diagram, labeled with the field frequency. The calculation of the outgoing field is
represented by the wavy arrow.

1.4.3

Phase Matching

It is now possible to put it all together and look at the expression for the intensity for
a third order process, such as e.g. Coherent Anti-Stokes Raman Scattering (CARS).
Inserting the nonlinear polarization as a source term into the wave equation results
in:

∇ × ∇ × E(t) +

1 ∂2
∂2 N L
E(t)
=
−µ
P (t)
0
c ∂t2
∂t2

(1.59)

The rotating wave approximation (RWA) and the slowly varying envelope approximation (SVEA) can be applied [15, 16, 17], to arrive at an expression for the signal
intensity in an experiment with homodyne detection, i.e. where the electric field from
the CARS process is squared on the detector:

(3)

2

2

ICARS ∝ |χ (ωAS = ωL − ωS + ωP )| IL IS IP L



sin(∆kL/2)
∆kL/2

2

(1.60)

Here ωL , ωS and ωP are the three driving fields, called Laser, Stokes and Pump
respectively. IL , IS and IP denote the intensities of these fields, and L the length
of the medium and ∆k is the wave vector mismatch. In the case of perfect phase
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matching, ∆k = kAS − (kL − kS + kP ) = 0, the induced polarization at one end
of the medium adds perfectly in phase with another dipole at the other end. This
is a good point for discussion of the different factors that make up this expression,
Equ. 1.60. It is clear that the molecular contribution is entirely described by the
square of the third order susceptibility. The intensity dependence is a product of the
intensity of each of the driving fields. The intensity scales with the square of the
length of the medium, and the last part of the expression stems from phase matching,
or momentum conservation.
It is important to note that there will always be contributions from non-resonant
processes which will have to be taken into account as well. In the case of CARS, the
total response of the system consists of a resonant and a non-resonant term:

Figure 1.26: Energy diagrams for the resonant (left) and non-resonant (right) contributions to χ(3) for the case of CARS.

(3)

(3)

χ(3) = χN R + χCARS

(1.61)

Energy level diagrams for these two contributions can be seen in Fig. 1.26. The nonresonant response, which is instantaneous and in phase with the driving field, will
in general have a different amplitude and phase than the resonant contribution. In
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CARS experiments where the signals are squared on the detector, the interference of
the two terms leads to a distortion of the measured Raman line shapes.
When using nonlinear optical techniques for probing molecular dynamics, an attempt is made to take advantage of the freedom given to choose frequencies, polarizations, and the timing of the pulses used to drive the third order polarization.
Generally the third order susceptibility is comprised of 24 terms. It is thus essential
that the experiment is set up in such a way that the signals can be understood and
analyzed in a straight forward fashion, since the goal is to use the NLO as a tool
to learn something about the molecular system. If several matrix elements, resonant or non-resonant, can contribute to signal generation, this analysis can become
prohibitively complicated, even for simple systems. This is the subject of chapter 2.

Chapter 2
Time-Resolved Femtosecond
Four-Wave Mixing
Nonlinear optical probing techniques have proven very promising for investigating the
dynamics of large molecules in the condensed phase. They enable optical probing of
dynamics which are not revealed by changes in e.g. the linear absorption spectrum.
In the following we will be considering the third order technique, time resolved Coherent Anti-Stokes Raman Scattering (CARS). In general, many different induced
polarizations can contribute to the signal measured in broad band Four Wave Mixing
experiments such as CARS. Care must therefore be taken when designing an experiment so as to be sensitive to only the desired polarization, by taking advantage of
phase-matching, pulse timing, sequence and the wavelengths used. We use sub-25 fs
pulses to create and monitor vibrational wavepackets in gaseous iodine, bromine and
iodine bromide through time- and frequency-resolved femtosecond CARS (Coherent
Anti-Stokes Raman Scattering) spectroscopy. We illustrate, with experiments on iodine, where the broad bandwidths of our pulses, and Boltzmann population in the
53
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lower three vibrational levels, conspire to make a single diagram dominant in one part
of the signal spectrum. In another spectral region, however, the signal is the sum of
two almost equally contributing diagrams, making it difficult to directly extract information about the molecular dynamics. We derive simple analytical expressions
for the time and frequency resolved CARS signal to study the interplay of different
diagrams. The expressions are given for all 5 diagrams contributing to the CARS
signal in our case.

2.1

Introduction

There is considerable effort devoted to the generation of increasingly shorter pulses
of visible light. The development of ultrashort pulse Ti:Sapphire oscillators has lead
to near-infrared pulses shorter than 7 fs at 800 nm [18, 19] and tunable visible pulses
as short as 29 fs from 400 nm synchrously pumped Optical Parametric Oscillators
(OPO) [20]. For amplified laser pulses, the development of the Non-collinear Optical Parametric Amplifier (NOPA) [21] has led to pulses in the visible and Near
IR (NIR) region as short a 5 fs [22]. These, in combination with broadband phase
matching schemes for second harmonic generation, have led to UV pulses below 10 fs
in duration [23]. One of the most important applications of this technology is to
problems in condensed phase molecular dynamics where ultrafast electronic dephasing times often obscure the spectroscopic and dynamical information sought. In order
to address these issues, various non-linear optical (NLO) spectroscopies have been developed [15] which help disentangle the various contributions of the material response
to applied optical laser fields. Due to the inversion symmetry in bulk non-crystalline
media, the lowest order NLO response of general utility is at third order, of which
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Coherent Anti-Stokes Raman Scattering (CARS) is a well known example. When
combined with ultrashort laser pulses, CARS can reveal detailed dynamics within
excited molecules in both gas [24, 25] and condensed phases. The CARS process involves the interaction of three laser fields, generating a third order polarization whose
associated emitted field is measured in a phase-matched direction. As discussed by
Faeder et al. [26], the expression for the third order polarization includes all possible
time-orderings of the three interactions. The spectroscopic pathways producing the
third order polarization may be depicted using double-sided Feynman diagrams, as
shown for example in Figure 3 of reference [26].
In this chapter we consider the case where two out of three pulses always overlap.
In this case only 5 of the 8 different diagrams given in Ref. [26] can contribute to
the femtosecond time resolved CARS signal, depending on the delays. Defining the
pump/Stokes pulse pair as t = 0, the situation where the delayed pump pulse arrives
before (after) t = 0 corresponds to negative (positive) delays. These diagrams and
their labels are reproduced from Ref. [27] in Fig. 2.1.
For ‘cold’ molecules we need only consider diagram A for ∆t < 0 and diagram
C for ∆t > 0, as both diagram B, D and E require excited vibrational states to be
populated, e.g. through the Boltzmann distribution.
In the case of ‘hot’ molecules, it is sometimes possible to suppress the contributions
from the unwanted diagrams, but typically all contributions have to be considered,
and the signal becomes the coherent sum of the fields from each diagram that, for
the case of homodyne detection, is squared on the detector.
In the present chapter we focus on the femtosecond time resolved CARS signal for
negative delays. The selection mechanism that can be in play for ‘hot’ molecules have
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been discussed by Faeder et al. [26], who mention two complementary factors that can
lead to suppression of diagram B. Firstly, if the detuning between the Stokes and pump
pulse, (Ev -E0 =ωp -ωS ), is large compared with the vibrational level spacing and kB T,
diagram B will be suppressed, since there will be no population in the vibrationally
excited state, Ev , from which the Stokes photon has to be absorbed. Secondly, the
pump wavelength is usually chosen close to the maximum of the electronic absorption
band, and the Stokes shift large enough for the Stokes pulse to be away from this
resonance. Consequently, even if the vibrational levels, Ev , required by the first
condition are populated, the absorption cross-section for the Stokes pulse can be
small, and thus lead to a favoring of energy level diagram A over diagram B.
Important to the present chapter is the fact that this criterion becomes difficult
to fulfill when ultrashort pulses are used: the inherently very broad bandwidths of
sub-25 fs pulses can lead to Stokes shifts that are still within spectral overlap of the
pulses involved. If neither of these criteria are met, then both diagrams contribute
to the third order signal propagating in the phase-matched direction.
Ultrashort pulse CARS spectroscopy of complex samples requires careful consideration of the competing interactions in order to properly describe the observed signals.
Unfortunately, the complexity of some systems and/or environments may make assessment of these criteria more challenging. Our goals here are to: (i) clearly illustrate
the ultrashort CARS spectroscopy case where both processes shown in Fig. 2.1 are
involved; (ii) show how we treat the interfering contributions to the measured signal. For this reason, we will use both experimental results from sub-25 fs CARS
spectroscopy and a simple analytical model describing the CARS process. We have
chosen the well known gas phase system molecular iodine, I2 , which was heated to
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360 K in order to increase its vapor pressure. At these temperatures 3-4 vibrational
levels are initially populated within the ground electronic state, and the contributions
from each of these states have to be considered separately.

Figure 2.1: Energy level diagrams, illustrating the vibrationally resonant interactions
contributing to the femtosecond time-resolved CARS signal for negative and positive
delays between the pump/Stokes pulse pair at t=0 and the delayed pump pulse. The
interactions with the pump (p) pulse and the pump (p)/Stokes (S) pulse pair are
sketched, with solid and dashed arrows indicate a transition on the ket or bra side
of the matrix element, respectively. When very short pulses are used (e.g. sub25 fs), the scattered signals arising from these interactions may be spectroscopically
overlapping, leading to polarization beats that dramatically affect the form of the
pump-probe signals. In complex samples or environments it may not be possible
to ensure that only one interaction dominates, especially when ultrashort pulses are
applied [15]. These diagrams are reproduced from Ref. [27]. The corresponding
Feynman diagrams can be seen in Ref. [26].
Iodine, I2 was one of the first systems to be systematically studied using femtosecond pump-probe spectroscopy in the gas phase [28, 29]. Iodine has long served
as a model system in the development of new femtosecond techniques such as time
resolved photoelectron spectroscopy [30], time-resolved Coulomb explosion [31] and
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Figure 2.2: Pulse and level scheme for the time resolved CARS experiments on ‘cold’
molecules, illustrating how either excited state or ground state dynamics can be
studied, depending on the delay. For ∆t < 0 via diagram A, for ∆t > 0 through
diagram C of Fig. 2.1. The third order process involves a pump pulse (ωp ) delayed
with respect to the Stokes/pump pulse pair (ωS /ωp ). These three fields generate a
third order polarizability in the molecules, leading to emission of the CARS signal at
the Anti-Stokes frequency (ωaS ). All polarizations are parallel, as shown in the lower
diagram.
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femtosecond coherent nonlinear spectroscopies [32, 24]. The dynamics of I2 was also
used to study the femtosecond spectroscopy of complex environments such as rare gas
collisional systems [33], cryogenic matrices [34] and zeolites [35]. Relevant to the
present effort, detailed studies by Prior et al. [36] demonstrated the virtues of using
I2 as a model system in femtosecond coherent nonlinear spectroscopy and control.
In the following, we present our combined experimental-theoretical studies of
femtosecond time- and frequency-resolved CARS spectroscopy of gas phase iodine
(I2 ) [37], bromine (Br2 ) and iodine bromide (IBr). In order to address the issues
discussed above, we used ≤25 fs duration pulses and heated samples ensuring a
broad Boltzmann distribution of rotational and vibrational states. We spectrally
dispersed the signals scattered into the phase-matched direction, revealing both details of the wavepacket dynamics and the interfering contributions from the involved
diagrams. Under isolated conditions, the induced coherence can persist for extremely
long times, leading to the observation of wavepacket revivals [38] and fractional revivals [39, 40, 41, 42, 43]. The revivals and fractional revivals of vibrational wavepackets in diatomic molecules was studied experimentally for a number of systems, including the molecules of interest here, iodine [28, 29, 30, 44], bromine [45, 46] and
iodine bromide [47, 48]. Finally, as described in Appendix A, we outline a simple
analytical model for calculating the third order polarizations based upon the pole
approximation, permitting a clear view of the contributions from the different diagrams. Our results illustrate how time- and frequency-resolved four-wave mixing
with ultrashort pulses can lead to the observation of regular or apparently irregular
wavepacket dynamics, depending upon which observation window was chosen in the
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spectrally resolved scattered signal. In ultrashort pulse coherent non-linear spectroscopies of complex systems/environments, we expect that unambiguous extraction of
the underlying molecular dynamics from these observables will require considerations
of the type discussed here.

2.2

Time-Resolved Frequency Integrated CARS Signal

In a well-designed third order experiment, one would prefer the polarization to be
dominated by a single diagram. This arguably yields the most transparent view of
the underlying molecular dynamics that modulates the observed signals. Central to
this chapter, however, is the fact that this ‘single diagram’ picture will fail for as
simple a sample as gas phase I2 at 360 K, probed by sub-25 fs laser pulses. In order
to understand the consequences, we begin by considering the contribution to the
CARS signal at t < 0, from the single diagram labeled A in Fig. 2.1. For a homodyne
detection scheme, the transient CARS signal is calculated by time-integrating the
third-order polarization P(3) as

S(∆t) =

Z

∞

dt P (3) (t, ∆t)

2

(2.1)

−∞

Here t is the time and ∆t denotes the positive temporal separation between the
single pump pulse and the time delayed Stokes/pump pulse pair. The polarization is
given as

P

(3)

(t, ∆t) =

3
X
n=0

hψ (3−n) (t, ∆t)|µ̂|ψ (n) (t, ∆t)i,

(2.2)
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where µ̂ is the dipole operator (after averaging over electronic degrees of freedom,
µ̂(R) connecting the ground and excited electronic state is replaced with a constant in
the Condon approximation). The brackets denote integration over the bondlength R
and the wave functions determined within j ′ th order perturbation theory are denoted
as ψ (j) .
The CARS signal, originating from the matrix element a03 :

a03 (t, ∆t) = hψ (0) (R, t)|µ̂|ψ (3) (R, t, ∆t)i

(2.3)

oscillates as a function of time delay ∆t, and contains beat frequencies corresponding to the energy level spacings in the electronically excited state. Therefore,
the time-resolved CARS signal is a direct reflection of the vibrational wavepacket motion in the excited state, the dynamics of which is well known [45, 46]. An example
an excited state CARS transient calculated by numerical wave-packet propagation,
using techniques similar to those proposed by Meyer et al. [49], with parameters pertaining to our experiment can be seen in Fig. 2.3. In these calculations we include
only the vibrational degree of freedom, since the role of the many rotational levels
in play have been investigated previously [50]. The Fourier Transform (FT) of this
transient is shown in Fig. 2.4.
The fundamental peak in the FT shows coherences between nearest-neighbour vibrational levels and is centered on the average vibrational frequency of the wavepacket
(ωv ). When resolved in the FT [45, 46], each peak corresponds to the vibrational
energy level splitting between v and its nearest-neighbor v+1. The peaks at this
fundamental frequency are separated by the vibrational anharmonicity term ωe χe . In
the present case, however, we do not resolve the individual peaks in the fundamental
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Figure 2.3: Calculated CARS signal for wavepacket dynamics in the I2 B-state, using
the method described in the theory section. The parameters were chosen so as to
correspond to the experimental setup.
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Figure 2.4: The Fourier transform of the CARS signal from Fig. 2.3. The inset shows
how coherences between different vibrational levels of the wavepacket, give rise to the
peaks in the Fourier transform.
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frequency region since the calculation was truncated before the full revival. At the
second harmonic frequency another peak centered at (2ωv ) can be seen, corresponding to coherences between next-nearest-neighbours, v and v+2. The splitting between
peaks in this case [45, 46] is thus 2ωe χe . The still higher order coherences are to be understood in an analogous manner. These results illustrate how, when a single CARS
diagram is involved, the measured signal transparently reflects details of the excited
state vibrational wavepacket dynamics. As we discuss in the following, when the
‘single diagram’ picture fails (as in our case), the observed signals do not so transparently reflect the molecular dynamics and both time-resolved and frequency-resolved
measurement is required to disentangle the contributions of different diagrams.

2.3

Experimental

For our experiments, we constructed a dispersion-free, polarization maintaining timeand frequency-resolved CARS spectrometer. Several groups have previously shown
how time resolving the electronically resonant CARS process can be used to study
both ground and excited state dynamics in I2 by detection at a particular wavelength [32, 51], or by dispersed broadband detection [52, 24]. We therefore only
briefly summarize. Defining the overlap of pump/Stokes pulses to be t = 0, we can
introduce a delay ∆t of the second pump interaction with respect to this. If we now
tune the wavelengths of the pump/Stokes pulses responsible for the CARS process
into the B(3 Π0+u )←X(1 Σ0+g ) electronic resonance, the CARS signal will probe either
the dynamics of the ground or excited state depending on the delay between the
single pump pulse, and the pump/Stokes pulse pair. For negative delays, the single
pump pulse arrives first, creating a vibrational wavepacket in the excited state, which
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can then later be probed by the Stokes/pump pulse pair. For positive delays, the
pump/Stokes pulse pair creates a vibrational wavepacket in the ground electronic
state, the dynamics of which can be followed by scanning the delay of the last pump
pulse completing the CARS process (see Fig. 2.2). Specifically using parameters
relevant to the experiment, we start from the ground state, at thermal equilibrium
at 360 K, with a 25 fs pump pulse centered at 540 nm. This creates a vibrational
wavepacket in the B-state of iodine centered at v ′ =28 and spanning 9-10 vibrational
levels. The wavepacket undergoes field-free evolution and is subsequently probed
through interaction with the 25 fs Stokes pulse centered at 565 nm and second pump
pulse, thus completing the CARS sequence. By spectrally dispersing the Anti-Stokes
signal, we discern the time- and frequency-resolved wavepacket dynamics.
A block diagram of the experimental arrangement is given in Fig. 2.5. The samples
iodine, bromine, or (purified) iodine bromide were introduced into a heatable closed
quartz cell with thin (1mm) fused silica windows.
The three ultrashort optical pulses required for the CARS experiment are derived
from a Ti:Sapphire oscillator and 1 kHz regenerative amplifier system, as shown in
Fig. 2.5. Approximately 500µJ/pulse (80 fs at 800 nm) of the amplified light is used to
pump two Non-collinear Optical Parametric Amplifiers (NOPAs) resulting in widely
tunable sub-20 fs pulses with a pulse energies of ∼10µJ. One of the NOPA pulses,
acting as the pump in the CARS process, was split by a 1 mm thick inconel coated
quartz beamsplitter. The three CARS pulses were delayed appropriately with computer controlled stages, and overlapped in the non-collinear folded-BOXCARS beam
geometry. This ensures that the CARS signal propagating in a direction different
from the three input beams can be collected background free. In addition, it also

CHAPTER 2. TIME-RESOLVED FEMTOSECOND FOUR-WAVE MIXING

65

T su n a m i
M ille n ia
E v o 3 0

E v o 3 0
w

L e g e n d

N o p a 1

4 7 0 - 1 0 0 0 n m
1 0 m J , < 2 0 fs
P

4 7 0 - 1 0 0 0 n m
1 0 m J , < 2 0 fs

w

N o p a 2

S

C C D a r r a y
S p e c tr o m e te r
S a m p le
A

w

w
P

B

w

C

w

S

w

w
S

P

w

w

P
P

w

A S

w
P

S

P

Figure 2.5: Dispersion-free, polarization maintaining, time- and frequency-resolved
CARS spectrometer. A regenerative Ti:sapphire amplifier produces 80 fs pulses
pumping two Non-collinear Optical Parametric Amplifiers (NOPA), each yielding
tunable sub-20 fs optical pulses. Three optical delay lines control their relative timing. The beams are arranged in the folded-BOXCARS configuration and focussed
using an an all-reflective Cassegrain setup, which is dispersion-free and polarization
maintaining. Details of this setup are shown in insets A,B and C. The CARS process
generates a third order response at the common focus and leads to emission of AntiStokes radiation in the phase matched direction. The CARS signal is dispersed in an
imaging spectrometer, where its full spectrum can be collected for each time delay.
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rules out contributions from other third order processes which do not phase match in
this same direction.
Due to the problems with the dispersion management of sub-20 fs pulses, we employed a Cassegrain-based geometry for focussing (inset in Fig. 2.5). This has the
advantage, due to its all-reflective design, of being both achromatic and dispersion
free. In addition, due to the small angles (∼1.8◦ ) of incidence, this geometry minimizes any polarization rotation due to reflection from metal surfaces and therefore is
polarization-maintaining. Finally, we note that this geometry is ideal for bringing a
fourth beam along the centerline of the Cassegrain, allowing for pump-FWM experiments, where the three-pulse FWM scheme can be used to study multiple timescale
dynamics induced by a fourth pump-pulse [53].
The CARS signal was spatially separated from the Stokes and pump beams by
an iris, collimated with a lens, and propagated a long path length (∼20 m) in order
to remove residual scattered light background. It was then spectrally dispersed in
an f=300 mm imaging spectrometer (Acton SP300i) and detected by a 1024x252
pixel cooled CCD array detector. An electronic shutter built into the spectrometer
controlled the average light exposure. Typically 500-1000 pulses were averaged on
the CCD chip per time delay step. For iodine, the quartz sample cell was heated to
a temperature of 360 K, corresponding to a vapor pressure of 35 Torr. For bromine
and iodine bromide, the sample cell was left at room temperature (due to their higher
vapour pressures).

CHAPTER 2. TIME-RESOLVED FEMTOSECOND FOUR-WAVE MIXING

2.4

67

Results and Discussion

In Fig. 2.6 we present the time and frequency-resolved CARS spectrum for Iodine.
As discussed in the Experimental section 2.3, the ∼25 fs pump and Stokes pulses
were chosen to be electronically resonant with the B←X transition. The time delay
was scanned ±10 ps in steps of 25 fs. It can be seen that, due to the ultrashort input
pulses, the spectrum of the scattered third order signal is very broad - about 50 nm
wide. For the input wavelengths used in this experiment, one would expect to find
the Anti-Stokes signal centered at ωAS =2ωP − ωS =19181 cm−1 (519 nm). However,
the data shows clear evidence of two regions, at negative and positive time delays,
exhibiting different behavior.
As an illustrative example, a cut was taken along the line at λAS =520 nm, shown
in Fig. 2.7, where the center of the Anti-Stokes spectrum is expected. The well
known B-state wavepacket dynamics is seen at negative time delays whereas X-state
dynamics is seen at positive time delays. Fig. 2.8 shows the FT power spectra of the
data from Fig. 2.7. Again, these power spectra show that the ∆t < 0 and ∆t > 0
regions correspond to the observation of vibrational wavepacket dynamics in either
excited B-state or ground state X-state, respectively.
The focus herein is on excited state wavepacket dynamics, corresponding to negative time delays where the pump pulse creates a wavepacket in the excited B-state.
This state is then probed as a function of the delay ∆t of the Stokes/pump pulse
pair.
The Anti-Stokes signal should be centered at ωAS =2ωP −ωS =19181 cm−1 (519 nm).
Four illustrative cuts of the 2D data (shown in Fig. 2.6) at λAS =515, 520, 525 and
545 nm are shown in Fig. 2.9A, B, C and D, respectively. The A, B and C plots show
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Figure 2.6: Time- and frequency-resolved fs CARS spectrum of iodine. The vertical
axis is the CARS spectrum, the horizontal axis is the time-delay between single pump
and the Stokes/pump pulse pair. The signal intensity is plotted using a linear colour
scale. This 2D data set contains a wealth of information about both excited and
ground state dynamics, most clearly illustrated by taking cuts at particular wavelengths λaS . Aside from canonical wavepacket dynamics, the data also reveals interesting beating patterns related to the interference between different contributions to
the third order polarization.
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Figure 2.7: A cut of the CARS data at λaS =520 nm from Fig. 2.6. For negative
time delays, excited state dynamics is observed - ground state dynamics for positive
delays. Based on the center wavelengths of the pump and Stokes pulses, this cut is
taken where the CARS signal is expected to be strongest.
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Figure 2.8: Fourier transform power spectra of the iodine transient at λaS =520 nm,
from Fig. 2.7, for negative (top) and positive (bottom) time delays. The line spacings
in the power spectra correspond, as expected, to level spacings in the excited B-state
and the ground X-state, respectively. The peaks marked * in the lower panel are due
to polarization beats, as discussed in the text.
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Figure 2.9: Four cuts of the time- and frequency-resolved femtosecond iodine CARS
data from Fig. 2.6, showing transients at λaS = 515, 520, 525 and 545 nm, respectively.
In panel B canonical wavepacket dynamics is seen and the fundamental vibrational
period of 400 fs is indicated, along with the locations of the various fractional revivals.
Whilst A, B and C show similar behaviour, panel D appears strikingly different and
does not simply reflect the wavepacket dynamics.
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quite similar behavior: a strong oscillation with an average period of 400 fs from 04 ps, which revives at 17 ps and again 34 ps (not shown), corresponding to vibrational
wavepacket dynamics in the excited B-state. Due to the anharmonicity of the potential, the wavepacket spreads (or dephases) but undergoes a series of rephasings and
partial rephasings, leading to revival and fractional revival structures [39, 45]. The
initially prepared wavepacket is recreated at the full-revival at 34 ps (not shown). The
initial wavepacket can also reform on the outer turning point of the potential, called a
half revival [39, 45], as observed at 17 ps. An interesting behaviour is observed in the
intermediate region, where the wavepacket goes through various fractional revivals.
For example, at the quarter revival, the wavepacket is split into two equal parts exactly out of phase, leading to the doubling of the modulation frequency clearly seen
in the data. At the one sixth revival, the wavepacket is split into three equal parts
leading to a tripling of the modulation frequency, and so on [39, 45]. Note that the
magnitude of the revivals is significantly lower than the that of the initial wavepacket
oscillation (first 4 ps) due to the decay of rotational anisotropy that was created by
the first pump pulse. If desired, this can be avoided by using magic angle detection,
as previously described [25].
As shown in Fig. 2.10, Fourier transform power spectra of the data in Fig. 2.9A,
B and C confirm that the oscillations in the transients result from a coherent superposition of vibrational eigenstates with energy spacings centered around 83 cm−1 .
This corresponds to the spacing between two neighbouring vibrational eigenstates in
the anharmonic region of the B-state in iodine at v ′ = 28, the levels accessed by the
pump pulse at 540 nm. Comparing the FT power spectra of the three different AntiStokes wavelengths 515, 520, 525 nm, we also see that the peak center moves towards

CHAPTER 2. TIME-RESOLVED FEMTOSECOND FOUR-WAVE MIXING

1

A

λ =515 nm

B

λaS=520 nm

C

λaS=525 nm

73

aS

0.5

Amplitude (arb.u.)

0
1

0.5

0
1

0.5

0

50

100
150
−1
Frequency (cm )

200

Figure 2.10: Fourier transform power spectra of the iodine transients from Fig. 2.9
A, B and C. As expected from wavepacket dynamics in an anharmonic potential, the
peaks centered near 83 cm−1 correspond to the nearest neighbor level spacings whereas
as those near 170 cm−1 correspond to the next-nearest neighbor level spacings. As
the Anti-Stokes signal wavelength moves to the blue, the level spacings in the FT
move to the red as expected (i.e. probing higher up in the excited state potential,
involving more close lying vibrational levels).
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lower wavenumbers, as the detection wavelength is shifted towards the blue. This
is as expected, since the blue side of the CARS spectrum should probe the higher
lying vibrational levels of the wavepacket, where the level spacing is smaller. As expected, selecting different wavelengths of the scattered CARS spectrum corresponds
to monitoring the dynamics of different parts of the wavepacket.
An important point is the distinction between how many vibrational levels the
prepared wavepacket spans on one hand, versus how well the experimental technique
probes these levels. Using a certain technique, we might only be able to observe
coherences between a specific subset of the levels that we prepare. We are mainly
limited by the Frank Condon factors for the probe step, which will depend upon the
wavelengths chosen for the experiment. In our case, where the pump and Stokes
pulse spectra are partially overlapping, the small detuning of these wavelengths is
the key to our observation of higher order revivals in the wavepacket signal, as this
ensures effective probing of all the levels in the prepared state. With the time- and
frequency-resolved data presented, we are able to follow the nuclear dynamics over a
significant fraction of its periodic trajectory.
An elegant way of representing the wavepacket evolution is to use a sliding window Fourier transform or spectrogram [54]. In this method, a Gaussian window
R∞
function, S(ω, ∆t) = 0 S(t)g(t − ∆t)dt, where S(t) is the time delay scan and

g(t) = exp(−t2 /t0 2 ) the window function of width t0 (chosen here to be 0.75 ps).

By translating the window function along S(t), we obtain a two-dimensional map
of frequency content (ω) versus time delay (∆t), with the Fourier spectral power as
the intensity [54]. A plot of log|S(ω,∆t)|2 for the data at λAS =520 nm is shown in
Fig. 2.11. The value of the spectrogram is apparent, revealing the time ordering of
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the various fractional revivals of the wavepacket. The 1/4 revivals have twice the
periodicity of the 1/2 revivals, the 1/6 revivals have three times the periodicity, the
1/8 revivals four times and so on. We even observe the 1/10 revival of the B-state
vibrational wavepacket in the CARS data. To our knowledge, this is the highest order
fractional revival reported for a molecular wavepacket. In sum, the cuts through the
2D data of Fig. 2.6 at λAS =515, 520 and 525 nm reveal canonical wavepacket behaviour in the iodine B-state, including wavepacket dephasing, revival, and fractional
revival.
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Figure 2.11: Log spectrogram of the CARS signal detected at 520 nm. The vertical
axis is the time delay, the horizontal axis is the frequency axis, and the intensity
of the Fourier transform power spectrum is plotted using linear contours. The plot
clearly shows the time ordering of the higher frequency terms at ∼176, 250, 325 and
400 cm−1 . This demonstrates the high order revival structure: the second harmonics
appear with twice the period of the fundamental, the third harmonic with three
1
times etc. This confirms the assignment of 41 , 16 , 18 and 10
revivals, as indicated. The
1
revivals
are
the
highest
reported
to
date
for
a
molecular
wavepacket. The half
10
revival occurs at the fundamental frequency, as it corresponds to a rephasing of the
wavepacket at the outer turning point of the potential.
We now turn to the region of the 2D data of Fig. 2.6 seen on the more intense red
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side (530-560 nm) of the spectrum, where the intriguing ‘interference structures’ are
strongest. As an example, we show in Fig. 2.9D a cut at λAS =545 nm. This shows a
significantly different behavior, with no obvious signature of wavepacket dynamics.
At the temperatures used in these experiments, several vibrational levels were
initially significantly populated and, due to the use of ultrashort broad bandwidth
pulses, contributions from different diagrams (see discussion in Introduction) cannot
be ruled out a priori. In order to investigate the consequences of these complications, we compared our experimental data with a simple analytical model wherein all
relevant diagrams are considered. The basis of this model, the details of which are
given in Appendix A, is to restrict the electronic degrees of freedom to two potential
energy surfaces, with all vibrational levels within each electronic surface. The third
order polarizability is calculated using perturbation theory for the density matrix.
The time- and frequency-resolved CARS signal is calculated as follows:

S(ω, ∆t) =

Z

∞

2

dtP (3) (t, ∆t)eiωt .

(2.4)

−∞

As an example, using the parameters relevant to the iodine experiment (pump
ω1 =540 nm, Stokes ω2 =565 nm, transform-limited 20 fs pulses), a calculation of the
contributions from both diagram A and diagram B of Fig. 2.1 at a delay time of
∆t = −0.790 ps is shown in Fig. 2.12.
In the top panel of Fig. 2.12 we show the contribution from diagram A to the
CARS spectrum for the various initially populated ground vibrational states. The
signals from X(v ′′ = 0) are in blue, from X(v ′′ = 1) in red and from X(v ′′ = 3) in
green (negligible amount). The blue and red combs are shifted with respect to each
other by the X-state vibrational energy spacing ωe , as expected.
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Figure 2.12: Calculated contribution of different diagrams. Delay time ∆t =
−0.790 ps, decoherence time γ = 3 × 10−5 . The top panel shows contribution of
diagram A, starting from different vibrational levels (full v ′′ = 0, dashed v ′′ = 1, dotted v ′′ = 2 (very small signal)). The central panel shows the contribution of diagram
B, and shown in the bottom panel is the total spectrum. Detail of the calculation of
these are given in Appendix A.
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In the middle panel of Fig. 2.12 we show the contribution from diagram B to the
CARS spectrum for the various initially populated ground vibrational states. We
note that whereas diagram A emits preferentially in the high frequency part of the
spectrum, diagram B emits preferentially in the low frequency part of the spectrum.
Referring to the state labels (the indices of vibrational states l,k correspond to Xsurface, n,m correspond to B-surface) given in Fig. 2.1, the major pathway for diagram
A l = 1, n = 28, k = 4, m = 36 generates a signal at emission frequency ωml = ωp +Ω.
For diagram B via l = 1, n = 28, k = 1, m = 20, the generated signal emits at the
pump frequency ωnk = ωp . The bottom panel shows the total signal expected from
the coherent sum of the two contributing diagrams.
We note that for diagram B of Fig. 2.1, emission from v ′′ = 0 alone contains
several combs shifted by multiples of Ω due to the contribution of different k (i.e. the
sample is vibrationally hot). Therefore, diagram B should yield broader spectra than
diagram A. In general, diagram B does not necessarily contribute to CARS signal for
large detuning of the Stokes pulse from the electronic resonance, as discussed in the
introduction. In our case, however, we deliberately chose a sample that has initially
populated vibrationally excited states in X, and a broad band Stokes pulse. Both of
these aspects conspire to make diagram B significant. The complex structure within
the spectra is due to the Franck-Condon factors. Importantly, the time dynamics
along a frequency cut are also different for diagram A and diagram B. This can be seen
from Fig. 2.9 where panels A, B and C reflect predominantly the contributions from
diagram A whereas panel D reflects that predominantly of diagram B. As opposed
to diagram A, diagram B does not show any clear revival structures. The reason
for this can be understood by considering Eqs. ( A.15, A.16) from Appendix A. By
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choosing a frequency cut ω, we select a certain transition due to the resonance energy
denominator. The delay-dependent phase is the same for both diagrams but the
resonance energy denominators are different. Therefore, if we choose a frequency cut
ω for diagram B, we strongly limit the number of n contributing to the signal (see
Fig. 2.1 and Eq. A.16). For a transition starting from the ground vibrational state X
(l = 1), we predominantly go to k = 1 which uniquely determines the n contributing
to the sum. This explains why no revivals are observed - there is nothing to revive!
The emission from diagram A, on the other hand, does not come from the n-levels.
Therefore selecting a frequency cut does not limit the number of n levels involved
and, therefore, the coherent excitation of these levels results in the usual wavepacket
revival structure. Since the two diagrams emit in different frequency regions, by
making the appropriate frequency cuts as shown in Fig. 2.9, we are able to isolate
signals due to diagram A alone.
We now consider two extremal frequency cuts, at 515 nm and 550 nm, using the
pole approximation [55] to calculate the two-photon matrix elements (see the Appendix A). As discussed above, the high frequency part of the spectrum is dominated
by the signal coming from diagram A. In Figure 2.13 we show contributions from the
two diagrams and for all initially populated vibrational levels. For 515 nm, the signal
mostly comes from diagram A for v ′′ = 0. Diagram B shows little time structure
but it does not significantly contribute to the total signal at 515 nm. As a result,
the canonical wavepacket revival structures can be observed. The situation changes
dramatically for the 550 nm frequency cut shown in Fig 2.14. In this case, diagram B
dominates the contribution and the overall time dynamics does not show wavepacket
revivals.
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Figure 2.13: Delay time dependence of matrix elements at signal wavelength 515 nm.
The top panel shows the CARS signal corresponding to diagram A, calculated using
Eq. A.20, starting from vibrational levels v ′′ = 0 (blue), v ′′ = 1 (red) and v ′′ =
2 (green)(very small signal). The CARS signal corresponding to diagram B was
calculated using Eq. A.22 is shown in the middle. The panel at the bottom shows the
coherent sum of the two diagrams. All contributions were calculated using the pole
approximation.
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Figure 2.14: Delay time dependence of matrix elements at signal wavelength 550 nm.
The top panel shows the CARS signal corresponding to diagram A, calculated using
Eq. A.20, starting from vibrational levels v ′′ = 0 (blue), v ′′ = 1 (red) and v ′ = 2
(green)(very small signal). The Signal corresponding to diagram B, calculated using
Eq. A.22 is shown in the middle. The panel at the bottom shows the dynamics for
the coherent sum of the two diagrams. All contributions were calculated using the
pole approximation.

CHAPTER 2. TIME-RESOLVED FEMTOSECOND FOUR-WAVE MIXING

82

In our experiments, a pump wavelength of 540 nm means that at the second
pump interaction, the wavepacket is projected onto the dissociative continuum of the
B-state. Consequently, in calculating the third order susceptibility, one has to both
sum over bound state and integrate over continuum contributions. Faeder et al. [26]
did a thorough study of the situation when probing both above and below this threshold. These authors showed how anomalous peaks in the frequency spectrum found
only when probing above the dissociation threshold could be assigned as polarization beats. The polarization generated from initial state v ′′ = 0 in one molecule and
v ′′ = 1 in another, gives rise to two polarizations Pi (ω), and Pi′ (ω). In the case of
probing below the threshold, these polarizations consist of narrow, non-overlapping
lines, resulting in little interference in the resulting signal spectrum when the fields
generated are squared on the detector. When probing above threshold, however, the
polarizations will be short lived (i.e. spectrally broad) and overlap well, giving rise
to large interferences (polarization beats). Starting from a vibrationally hot sample,
the signal from a CARS experiment ending above the dissociation threshold after the
second pump interaction would therefore be modulated by the splitting between v ′′ =0
and v ′′ =1 in the ground state. Comparing our results with Faeder et al., we see in
Fig. 2.8 these same sidebands (marked *) on the main peak in the Fourier transform
power spectra, and therefore assign these peaks to this effect.
Finally, we also investigated wavepacket dynamics, as probed by ultrashort pulse
CARS spectroscopy in bromine and iodine bromide. An example of the CARS signal from bromine is shown in Fig 2.15. As shown, we again observe vibrational
wavepackets in both ground and excited states of bromine. It should be mentioned
that this result agrees very well with earlier results [56] except that these researchers
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Figure 2.15: A section of the CARS data for Br2 at 543 nm, where the signal would
be expected to be strongest, based on the center wavelength of the pulses used. For
negative delays the signal probes a vibrational wavepacket in the excited electronic
state. For positive delays it probes a wavepacket in the ground state.
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Figure 2.16: A section of the CARS data for IBr at 520 nm, where the signal would
be expected to be strongest, based on the center wavelength of the pulses used. For
positive delays we probe a vibrational wavepacket in the ground electronic state. At
negative delays no signal is observed.
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did not observe ground state wavepacket dynamics due to the narrower bandwidths
of their laser pulses. A typical section of the CARS data for iodine bromide is shown
in Fig. 2.16. We again see a vibrational wavepacket in the ground electronic state
at positive time delays. Interestingly, despite the exceptional signal-to-noise ratio,
we see absolutely no sign of an excited state wavepacket signal. This is interesting
because earlier pump-probe experiments on iodine bromide based on time-resolved
phototionization [48] showed very clear excited state wavepacket dynamics in IBr, at
the same wavelengths employed here. We note that, distinct from iodine and bromine,
iodine bromide is predissociative in this wavelength range and undergoes interesting
spin-orbit induced non-adiabatic dynamics [48]. This intriguing result merits more
consideration as it addresses issues relating to the role of excited state electronically
non-adiabatic processes in generating the CARS signals. At both positive (ground
state) and negative (excited state) time delays, it can be noted that the emitted third
order polarization originates from the same set of continuum states. Although it
clearly requires more study, we propose that the panoply of electronic states in the
vicinity of the IBr B-state may lead to a rapid electronic dephasing of the initially
created wavepacket, diminishing the excited state signal.

2.5

Conclusion

Ongoing world-wide efforts in laser technology research has lead to increasingly short
visible light pulses. The high intensity but short duration of these pulses makes them
ideal for various forms of non-linear optical spectroscopy and these are now applied
to problems such as molecular dynamics in condensed phases. We discussed the
use of such ultrashort pulses for Time- and Frequency-resolved Coherent Anti-Stokes
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Raman Scattering (CARS) experiments. The very broad bandwidths of these ultrashort pulses, however, introduce potential complications due to the possible spectral
overlap, and therefore interference, of other third order processes contributing to the
signal. These were illustrated schematically in Fig. 2.1. Furthermore, for complex
systems and/or environments, the possibility of having a broad distribution of initial
states compounds these complications. As it may be difficult to discern these various
contributions in the dynamics of an uncharacterized system, it is therefore valuable
to consider their effects in a simple model system.
In order to explicitly illustrate these issues in the most transparent manner, we
have chosen gas phase molecular iodine as a model system. We employed a new
achromatic, dispersion-free, polarization-maintaining, time- and frequency-resolved
CARS spectrometer together with sub-25 fs pump and Stokes laser pulses, and a
heatable sample cell. We also developed a simple analytical model, based upon the
pole approximation, that allows one to quickly evaluate various competing contributions to the third order signal. This model allowed us to disentangle the contributions
from the various diagrams and to discern the role of the different initially populated
(vibrational) states in the heated sample.
This study illustrates how some care may be required when applying ultrashort
pulse nonlinear optical spectroscopies such as CARS to more complex larger molecules
in possibly complex environments, where the spectral and time dependence of the
different third order contributions may be unknown. In order to clearly express the
desired molecular dynamics in the third order signals, it is important that experiments are designed such that a single diagram dominates the signal. The choices of
wavelengths, bandwidths and the timing of the three pulses involved in the process
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Chapter 3
Ultrafast Transient Absorption
3.1

Introduction

Transient absorption spectroscopy is a powerful tool for investigating photochemical
processes. It is a sensitive spectroscopic technique that enables observation of the
time evolution of excited states and the life times of short-lived intermediates and
transition states by measuring the time dependant transient absorption signal.
Excitation with a pump pulse induces photochemical or photo-physical change
that can be monitored, as a function of time, by measuring relative absorption changes
of a delayed, weaker, broadband, probe pulse. The incoming and transmitted intensities of the probe pulse are detected simultaneously for a range of wavelengths using
an imaging CCD spectrometer.
The optical density (OD) of a sample is given by:

OD(λ, τ ) = log10




I0 (λ)
,
I(λ, τ )

(3.1)

where I0 (λ) is the spectral intensity of the probe pulse in front of the sample, and
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I(λ, τ ) is the spectral intensity of the probe pulse having passed through the sample,
measured at a time τ after excitation.
If I(λ, τ ) < I0 (λ) transient absorption is observed, as when an electronic excitation
brings new levels within reach of the probe bandwidth.
If I(λ, τ ) > I0 (λ) the probe beam is amplified in the sample and a transient gain
is observed, which could be in the form of stimulated emission from excited states.
In a typical setup, the OD of the absorption measured for the unexcited sample
would be subtracted. The transient absorption signal is then given by:

OD(λ, τ ) = log10



I0 (λ)
I(λ, τ )



− log10



I0 (λ)
I(λ, ∞)



= log10




I0 (λ, ∞)
,
I(λ, τ )

(3.2)

where I(λ, ∞) is the spectral intensity of the probe pulse having passed through
the sample without any excitation. In order to minimize the effect of laser beam fluctuations, measuring these two intensities simultaneously is crucial. This is achieved
by splitting the white light continuum into a probe and a reference beam in front of
the sample. The probe beam overlaps the pumped volume, while the reference beam
is passed through an unexcited volume of the sample. Both beams are then focused
onto the entrance slit of the imaging spectrometer, slightly offset in height, so that
their spectra separate spatially on the CCD detector.
The following section covers an extension of the usual pump-probe experiments
by probing with a single filament White Light Continuum (WLC). The use of a
WLC makes it possible to simultaneously follow dynamics over a broad energy range.
This chapter covers the experimental setup developed, based on pump pulses derived
from the non-collinear optical parametric amplifier, and a probe continuum derived
from the 800 nm fundamental beam, focused into either Sapphire (for 470 nm-NIR
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probing) or in CaF2 , in order to extend this wavelength towards the UV (370 nmNIR) [57, 5, 58]. Application of this technique to initial experiments on optically
triggered melting of DNA is then described in the next chapter.

3.2

Transient Absorption Spectrometer Setup

Figure 3.1: Shown here is a sketch of the transient absorption spectrometer. Care is
taken to minimize dispersion after the single filament white light continuum has been
formed, using only aluminum coated mirrors (PAUV, CVI) for collimation, transport
and focusing, and to ensure good reflectivity of the UV part of the Continuum.
A 2 mm inconel beamsplitter (BS) splits the continuum in signal (reflected) and
reference (transmitted) beams, which are then focused onto the sample. Inset A
shows the details of the Hellma flowcell used in many experiments. If larger sample
volumes are available, and when better time resolution is required, a liquid jet can
be used [59]. Inset B is a schematic of the signal and reference beams on the CCD
detector in the imaging spectrometer, where signal and reference is selected as Region
Of Interest (ROI) 1 and 2, binned and divided, resulting in the transient absorption
signal.
Transient absorption is a widely used form of pump-probe spectroscopy, where a
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white light continuum pulse serves as probe, in order to simultaneously interrogate
the dynamics of all states in a broad energy range. Detailed information on molecular
dynamics can thus be extracted, either directly, through looking at individual sections
of the data, or through global fitting.
In a typical experiment, the pump pulse will be derived either straight from the
Non-collinear OPA (NOPA), or from some harmonic or sum-frequency mixing scheme,
yielding typically ∼ µJ of energy, in pulses as short as ∼20 fs.
A small fraction of the 800 nm femtosecond pulse train is focussed into a 2 mm thick
CaF2 window, creating a single filament white light continuum (WLC), spanning the
wavelength range 350 nm to the Near Infra Red (NIR). This WLC is then simply
passed through a thin filter (a 2 % output coupler for 800 nm), in order to cut out
the intense residual fundamental, and the very structured continuum around it. The
continuum is then split into a probe and reference beam, each passing through the
sample. The signal is overlapped with the pump, and both signal and reference
are averaged on the CCD of an imaging f=300 mm spectrometer (Acton Research).
Varying the delay between pump and probe is accomplished using a folded delay
stage. A schematic of the setup is shown in Fig. 3.1.
The spectrum of the white light continuum from sapphire and CaF2 can be seen
in Fig. 3.2. In order to have a constant density of experimental points as a function
of time, so that both the short and long time molecular dynamics can be resolved,
the delay positions are separated into a linear part, typically 100 points from -1 to
1 ps, and a logarithmic section, also with 100 points from 1 ps to, e.g., 2 ns. Close
to t=0, the transient absorption signal typically has a spike, due to the cross-phase
modulation of the probe by the pump pulse. This feature, often referred to as the
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Figure 3.2: Spectrum of the single filament white light generated in 2 mm sapphire
or CaF2 window. The white light continuum is directed towards the spectrometer via
6 reflections of UV enhanced aluminum mirrors (PAUV, CVI), and focused on the
entrance slit with a UV AR coated FS lens, and detected on the back thinned CCD
detector (Hamamatsu, SpectruMM:250B). The CaF2 continuum stretches ∼100 nm
further into the UV, enabling probing down to ∼ 370 nm, depending on the absorption
of the sample. The NIR part of the spectrum may extend further, but the quantum
efficiency of the detector drops above ∼1050 nm from 56% at 900 nm to 23% at
1000 nm to 4%at 1100 nm.
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coherent artifact [60], can present a problem in experiments where it is desirable
to fit time constants that are comparable to the cross correlation of the pump and
probe pulses. As the samples are typically very dilute, this coherent artifact can
be eliminated by running another transient absorption scan of the solvent, around
t=0, immediately before or after the scan of the sample. If this solvent scan is
performed under exactly the same experimental conditions as the sample scan, it can
be subtracted to obain a data set without this solvent artifact, making it possible to
fit even those regions close to the cross correlation peak at t=0.
A typical experiment consists of an optimization of time and spatial overlap of
the pump and WLC probe at the sample. Next, a suitable dye solution is used in
order to optimize the overlap in the flowcell, and to find the exact position of t=0.
Because the signal from the dye can be orders of magnitude larger than the signal
from the sample, the next step is to clean the sample circuit thoroughly by flushing
it with suitable solvents. At the end of this cleaning cycle, the cleaning solvent will
be the same as that of the experiment. Therefore, it makes sense to run the solvent
scans first, if there is a need to fit short time constants, and then to finally change to
the sample. Typically, about 10 scans each with 5 acquisitions of spectra integrated
∼300 ms at each delay position will result in less than 0.1 mOD noise on the signal,
making it possible to measure signals down to the 1mOD range.

3.3

Aligning Procedure for Long Delay Scans

When extending a pump-probe technique for studying dynamics that stretch into
the ns range, it becomes increasingly important to align the delayed beam onto the
stage correctly, in order to maintain optimal overlap between pump and probe pulse
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over the entire scanning range. If this is not addressed, the measured dynamics at
these longer time delays might just as well be assigned to changes in the pump-probe
overlap. It is therefore good practice to back up any long delay pump-probe data
with measurements showing a constant pump-probe overlap over the whole scanning
range used, both before and after the experiment.
Sending a diverging beam onto a delay stage, and then focusing it on the sample
will result in changes of the focal position, as the delay stage is scanned. As a result, it
is also critical to telescope this beam up in size, making a well collimated beam, with
a Raleigh range that is very large compared with the extra pathlength introduced
(1 ns of delay corresponds to ∼30 cm of pathlength).
In this transient absorption setup, it was chosen to delay the pump beam with respect
to the probe, since the white light generation process is very sensitive to the exact
focusing conditions. In this case, a simple solution to the problems that ensue is
to pump a very large volume compared with the probe volume. The probe then
overlaps with an almost constant pump intensity, even if the overlap changes a little
as a result of a poorly aligned delay stage. The longer focal length needed for the
pump focusing in this case also gives a longer Rayleigh range for the pump beam,
making the experiment less sensitive to small changes in the position of pump focal
spot. This solution, however, is not always practical. In the present experiments
on DNA, only a few µJ of pump power were available, and the transient absorption
signals were already small, so the pumped spotsize was limited to ∼20% larger than
the probe spotsize.
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3.4

Transient Absorption Experiment on a-AB in
DMSO

As an example of typical data for a transient absorption experiment, the azobenzene
derivative shown in Fig. 3.3 is considered. This azobenzene derivative, in the following
be referred to as a-AB, is a precursor for the azobenzene functionalized DNA studied
in the next chapter [61]. The sample was purchased at Sigma-Aldrich, 98% pure. The
structure and absorption spectrum of this molecule is given in Fig. 3.3.
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Figure 3.3: The top panel of this figure gives the structure of the azobenzene derivative a-AB in the trans and cis conformation. The lower panel shows the absorption
spectrum of a-AB trans isomer (full line) and the spectrum of the photo stationary
cis-trans mixture after illumination with a UV lamp, here labeled as cis (dashed line).
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Dissolved in dimethyl sulfoxide (DMSO), a-AB has two absorption peaks: one
at 320 nm, attributed to the π-π ∗ transition to the S2 electronic state, and one at
450 nm, attributed to the n-π ∗ transition to the S1 electronic surface. Pumping
either of these transitions will lead to photo-isomerization, but the quantum yield
for isomerization is much higher when pumped at 450 nm. The transient absorption
experiment is consequently set up with the pump wavelength at 450 nm.
A low concentration of a-AB in DMSO was prepared, as a rehearsal for the experiments on the azo switched molecules, where solutions with low concentration are
used due to the limited amount of material available. After finding the overlap as
described above, using the laser dye DCM [62] as the solution for optimization, the
flow cell and lines are flushed with solvent, and then switched to the a-AB solution.
The pump probe scans are set up with linear steps between -1 to 1 ps in order to
resolve short time dynamics and log steps from 1 ps to 2 ns. After 10 scans of approximately 10 mins each, the data quality and signal-to-noise was sufficient to be able
to extract accurate time constants from global fits to the dataset, for a solution with
a transient absorption signal maximum of ∼6 mOD. The a-AB solution is circulated
into its reservoir and the lines and flow cell are again flushed with pure solvent, here
DMSO, in order to clean out residual a-AB. After 5-10 mins of flushing, pure DMSO
is circulated through the system, and the solvent scan is started between -1 and 1 ps.
Only the linear part of the solvent scan is performed, because there is no signal beyond the cross correlation of the pulses. Since the data quality of the solvent scan
has to be similar to the data set, it is important to run the same number of scans in
each case. The result is shown in Fig. 3.4
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Figure 3.4: Transient absorption data set for a-AB in DMSO (top panel) along with
the DMSO solvent scan around time zero (lower panel). The intensity of the signal
is plotted using a linear colour scale. This is the raw data after averaging 10 scans.
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Data Correction and Fitting

A good data set can be seen in Fig. 3.4. This data set consists of 10 scans of the
molecule a-AB dissolved in DMSO from -1 to 1 ps with linear steps and 1 ps to 1 ns
with log spaced steps, along with a scan on the solvent from -1 to 1 ps .
The procedure for fitting the data consists of several steps. First, each individual scan is loaded, and, provided there is enough signal to be able to distinguish a
good single scan transient, the data can be inspected for drifts of the baseline, time
zero, signal strength, and signal-to-noise. Since typical scans can take hours to accumulate, it is not uncommon to see drifts during the accumulation of a data set. If
the individual scans satisfy these criteria they are then averaged. In the next step,
the background level is subtracted from each channel, and the data is corrected for
the chirp in the white light, based on the location of the half width half max of the
coherent artifact. Since this signal is instantaneous in nature, due to cross phase
modulation of the pump on the probe light, it serves as a convenient way to set the
time zero for each channel of the transient absorption data set. Finding this time zero
offset for each channel, this delay can then be fit with an expression that is based on
the refractive index given by the Sellmeier equations, and the thickness of material
that the WLC goes through on the way to the flow cell. The expression is given by:

∆t(λ) =

X nm (λ)lm
m

c

(3.3)

Here nm (λ) is the refractive index, l the propagation length, and m refers to the
material. Typically all the material lengths are well known, with exception of the
distance the probe propagated in the sapphire or CaF2 plate after formation, and
the distance propagated through the solvent in the flowcell. Leaving either of these
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lengths as free parameters when fitting the time zero offsets results in a good with
with low residuals and sensible values for the fitting parameter. When a good fit is
achieved, the time zero offsets from the fit are used to correct the data set.
Following the same procedure for the pure solvent data, the two sets of data can be
subtracted with very good results, as long as both scans were done under identical
conditions. The result is a data set free of solvent artifacts.

Figure 3.5: Two of the 33 channels of data collected for a-AB in DMSO (in red),
along with the solvent scan for neat DMSO (black). 514 nm is shown at the top
and 522 nm below. The concentration of a-AB is chosen quite low since this is the
typical situation when running experiments on custom synthesized azo-functionalized
molecules.
As can be seen in Fig. 3.5, the coherent artifact is in this case much larger than
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Figure 3.6: This figure shows the same two channels of the data set after subtraction
of the solvent scan (black). The red line is a plot of the global fit to the entire data
set. 514 nm is shown at the top and 522 nm below. It is clear that the data is well
explained by the two time-constant fit, consistent with values from the literature.
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the transient absorption signal, which is not an atypical situation for this type of
experiment. It is thus very important to be able to properly subtract the solvent
scan, in order to produce trustworthy data for short delay times.
Two representative channels from the data set after solvent subtraction can be
seen in Fig. 3.6. The complete data set consists of a matrix containing the transient
absorption spectrum from the CCD, binned into 33 spectral channels, from 330 nm to
590 nm, along one dimension for each pump-probe delay: first a linear delay from -1 ps
to 1 ps with 100 positions, then a logarithmic delay section with 100 positions from
1ps to 1ns. The data set was fit using global fitting. As described elsewhere [63],the
global fitting routine attempts to fit the data using several exponential functions
with amplitude functions varying across the spectrum. The routine is based on least
squares fitting, iteratively varying the time constants and then the amplitudes until it
converges. An example of the result can be seen in 3.6. In this case the fit produced
two time constants: one short (t1 =0.7 ps) and one longer (t2 =6.8 ps).
A very useful result of the global fit is a plot of the spectral amplitude of each
of the exponential fitting functions. These are called decay associated spectra, and
are key elements of any data analysis and interpretation, as they show the relative
importance of different time constants across the transient absorption spectrum.
It is important to be cautious when performing this type of fitting. Achieving a good
fit to the data, with low residuals, using as few free parameters as possible is the
goal, and it is always advisable to run the fit with many different starting guesses
to thoroughly explore the parameter space and to find global minima as opposed to
local ones.

Chapter 4
Photo Triggered Melting of DNA
4.1

Introduction

To date, the field of ultrafast spectroscopy has focused almost exclusively on the study
of molecular dynamics initiated by absorption of light. However, many interesting
processes are not photochemical processes in nature, and so cannot be studied this
way. An example would be the folding of short poly-peptides, or the opening or
unzipping of the DNA double helix. Here the function of the molecule is directly tied
to its structure, and it would be of great interest to be able to devise time-resolved
experiments to probe this class of structurally-initiated dynamics.
Considering the case of DNA, the first electronically-allowed transition is associated with the base pairs, and is located in the UV at 260 nm. Pump-probe experiments where a UV pump pulse is used to electronically excite states in the base pairs
are limited to the study of relaxation and decay mechanisms of the DNA [64], rather
than the dynamics of melting the double helix. In an effort to study these dynamics, a conceptually new technique is suggested, where a small molecule, azobenzene
101
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(AB), is used as a switch to trigger the structural rearrangement of DNA melting.
Isomerization of the incorporated azobenzene group leads to breaking of the stacking interaction between the azobenzene and the neighboring base pairs, subsequently
destabilizing the double stranded structure and initiating DNA melting. This concept
has already been demonstrated in the study of ultrafast folding of short poly-peptides
by Zinth et al. [65, 66].

Ideally, these experiments could provide experimental support for the models used
in computational chemistry/biochemistry to describe dynamics of the opening and
closing of DNA base pairs. This process, sometimes referred to as bubble formation
and dynamics, is currently an active area of research [67], but without much experimental work to support it. Here, the action of the azobenzene isomerization could
be thought of as analogous to DNA bubble formation, since it breaks or weakens the
stacking interactions of the neighboring base pairs, forming a small opening on the
double helix. It would in fact make it possible to study where on the strand bubble
formation has the largest effect, since the azobenzene unit can be inserted anywhere
in the DNA sequence.

Another approach was recently taken by Zewail et al. [68], using a femtosecond laser
to introduce a temperature jump of the solvent, and thus trigger basepair destacking
and melting of a short section of DNA. While this is indeed a remarkable experiment,
the technique is complimentary to the one proposed in this work, and also has a few
drawbacks, such as the fact that it is not possible to change the site or the nature of
the interaction.
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Although still in its early stages, this work holds the promise of a new technique
for initiating ultrafast molecular dynamics, opening the door to the study of an entirely new class of reactions.

4.2

The Trigger Molecule and Incorporating it into
DNA

Azobenzene is composed of two phenyl rings linked by a N=N double bond. Azobenzene and its derivatives are known to strongly absorb light, to exhibit high photo
stability, and have long been used as dyes in many industries. Azobenzene exists in
two different isomers, trans and cis (see insert in Fig. 4.2), and one of the most fascinating properties of this molecule is the photoisomerization between these isomers.
Irradiation with UV light, corresponding to a π − π ⋆ electronic transition to the S2
state, will drive the trans to cis isomerization, while irradiation with blue light makes
an n − π ⋆ transition to the S1 electronics state, and drives the cis to trans isomerization. The two isomers also have distinct absorption spectra, making it possible to
tell them apart based on their spectra.
Another useful trait is that the cis isomer is less stable than the trans isomer, and
that cis-azobenzene will thermally relax back to trans via cis-trans isomerization. In
the present study this typically occurs to samples overnight when kept at 60◦ C.

In the area of ultrafast molecular dynamics, several groups have studied azobenzene
and derivative systems [69, 70, 71]. These groups found that the timescale for the
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isomerization from trans to cis can be described by two time constants, 0.32 and 2.1 ps
with relative amplitudes of 2 to 1, and for the cis to trans isomerization the main
time component is 0.170 ps with a weak ∼ 15% component 2 ps time constant [70].
All of these properties make azobenzene a very promising ultrafast molecular switch
system.
Incorporating a photo trigger such as azobenzene into the oligonucleotide, in such
a way that it will not interfere with the DNA structure has been an ongoing research
project for the group of Dr. Asanuma et al.. An early paper by Asanuma described
their first steps towards synthesizing photo responsive oligonucleotides [61].

As demonstrated in this work, it is important that the linker between the azobenzene
and the phosphate backbone of the DNA has the correct handedness. The synthesis
has to be performed with the correct enantiomer for the azobenzene to stack properly
with the neighboring base pairs and induce a melting point depression upon isomerization [72].

The Asanuma group has also investigated the structure of the azo-modified DNA,
showing through NMR studies that the azobenzene group intercalates between the
neighboring base pairs, stabilizing the structure through stacking interactions, i.e.
overlap of the delocalized pi-electrons on the rings of the azobenzene and base pairs [73].
It was based on this thorough foundation of work that the decision was made to attempt to time resolve the dynamics of DNA basepair destacking and melting. After
correspondence and advice from Dr. Asanuma, two different sequences of azo-oligos
were synthesized: the long 8 base pair (8 bp) sequence, which was used in their study
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demonstrating the importance of using the correct enantiomer of the linker [72], and
a shorter 6 bp azo-oligo, used in their NMR studies [73], and showed a larger change
of melting point upon isomerization. The structure of the two sequences are shown
in Fig. 4.1.
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Figure 4.1: A schematic of the two azo-oligonucleotide sequences used in this study.
Shown on the left is the 6 bp azo-oligo, on the right the 8 bp long strand. In both
cases AZ = azobenzene unit. The phosphorus atoms in the backbone are denoted
with P.

4.3

Steady State Results

As a first step towards a time-resolved experiments on azo-DNA, the melting curve
experiments for the cis and trans isomer azo-DNA samples performed by Asanuma
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et al. were reproduced. In these experiments, the increase of absorbance (optical
density) of the DNA duplex is measured as the sample is denatured by heating.
As the sample is heated the bases become unstacked, and while the wavelength of
maximum absorbance does not change, the amount absorbed increases. This increase
in absorbance at 260 nm as the DNA duplex melts is called hyperchromicity
Following the increase in the absorption of the lowest absorption peak at 260 nm,
as the two single DNA strands separate, is a direct measure of the degree to which the
sample has melted. This is called the hyperchromic effect, see e.g. [74] and references
therein.

These experiments were performed on a sealed 1 cm path length, 18 µl FS flowcell (Hellma part number 178.712), cleaned using methanol, then RNAse-free water.
The absorbance measurements were made with a CARY5000 UV/VIS spectrometer,
with Peltier temperature control of the sample and reference cuvette holders.

In order to measure this relatively weak absorption increase, one Eppendorf vial
with the azo-DNA was prepared, dissolved in RNAse-free water, and properly diluted. All dilutions are made with a 10mM Phosphate, 1M NaCl buffer solution with
PH=7. The concentration of DNA was then checked with a nanodrop spectrometer.
In another Eppendorf the complementary strand was prepared in a similar way. Suitable amounts of these two solutions were then transferred into a third Eppendorf to
make a solution with a 1:1.2 ratio of the molar concentration of azo-DNA to complementary strand, ensuring a high probability that all the azo-DNA will end up in a
duplex. This sample was diluted to an OD∼2 at 260 nm, subsequently kept at 75◦ C
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Figure 4.2: The top panel of this figure gives the structure of azobenzene in the
trans and cis conformation. The lower panel shows the absorption spectrum of trans
azobenzene (full line), and the photo stationary mixture of cis and trans, containing
approximately 70% cis (dashed line).
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for several hours, to bring the azobenzene group fully into the trans isomer. It is
essential to wear gloves sprayed with ethanol when preparing the samples, and that
all Eppendorf vials, pipette tips, solvents, etc., used have been autoclaved in order
not to contaminate the samples. This proved to be be quite a challenge for a physicist
used to dealing with more resilient samples.
Following the protocol for annealing DNA given by Sigma-Aldrich [75], the sample
was then heated to 95◦ C for 3 mins, and allowed to slowly (over 2 hours) cool to room
temperature on the bench. This procedure allows the single-stranded oligos to pair
up into double-stranded DNA.

35 µl of this sample was then injected into the flowcell, taking care not to expose
it to light, sealed, and the melting curve measurement started. The lowest temperatures that could be reproducibly reached without risk of condensation on the cell
was 4◦ C. A wait time of 5 mins at each new temperature was allowed for everything
to stabilize, and 5 absorbance measurements were taken at 260 nm, with an integration time of 10 seconds each, using the single point read feature of the CARY5000
UV/VIS spectrometer. At 70◦ C, the sample was irradiated, using a UV lamp (EXFO
Novacure 2100, 320-390 nm filter) for 5mins, bringing it into its photo stationary
state, containing approximately 70% cis azobenzene (based on reverse phase HPLC
measurements [61]).
The sample was then quickly cooled, and the melting curve for the photo stationary DNA sample measured, following the same recipe as described above. It is
important to start from the low temperature for the cis melting curve, since an appreciable fraction of the azobenzene will return thermally to trans during the hour
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Figure 4.3: Panel A shows the melting curve of the 6 bp long azo-DNA sample, for
the azobenzene group in trans (blue circles) and for the photo stationary state (green
squares), here labeled cis. Panel B shows the derivative of the trans and cis melting
curves, along with the determined melting points. The derivative of the trans melting
curve shows a single peak at 33◦ C, which is assigned as the melting temperature.
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the derivative of the trans and cis melting curves, along with the determined melting
points.
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it takes to measure the high temperature portion of the melting curve. An example
of the melting curves for the two azo-DNA samples, obtained in this way, can be
seen in Fig. 4.3 and Fig. 4.4. Along with the melting curves the derivatives are also
shown, in order to be able to accurately determine the melting temperatures. The
melting curves show that there is indeed a large difference in trans and cis melting
temperature for both samples of azo-DNA. For the 6 bp sequence we measure Tm =
33◦ C for trans and Tm =11.5◦ C for cis. For the 8 bp sequence we observe melting for
trans at Tm = 56.5◦ C and for cis at Tm = 41.5◦ C. The 8 bp sequence melting temperatures we measure are a little higher than those reported by Asanuma et al. [72],
who measure Tm = 50.9◦ C for trans and Tm = 36.6◦ C for cis. The melting point temperature difference is very close though, within 0.7◦ C. The difference is most likely
due to slight concentration and PH differences of the buffer solutions used. For the
shorter 6 bd sequence there is no data available for comparison. For both azo-DNA
samples, the derivative curve for trans shows a single peak, which is assigned as the
trans melting temperature. For the photo-stationary cis-trans mixture, the derivative
shows two peaks: one at the same position as the trans melting point, and another
at a much lower temperature, which is assigned as the melting point of the azo-DNA
when the azobenzene group is in its cis isomer. Once a proper system was developed,
the melting curve data was quite reproducible, and the DNA solution could be kept
at at room temperature for days in the cuvette, without any measurable changes to
the melting curve shape.
Based on these melting curves, a time-resolved experiment was then designed,
starting with an all-trans azo-DNA, such as the long azo-DNA with the melting
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curve shown in Fig. 4.4. Ideally, the experiment should be performed at a temperature just below the trans melting temperature, such that a large fraction of the
azo-DNA becomes unstable upon photoisomerization of the azobenzene group. For
the 8 bp azo-DNA sample, the experiment would thus have to be performed at ∼42 ◦ C,
which would lead to ∼50% of the azo-DNA isomerized, eventually ending up as singlestranded DNA. In the case of the shorter azo-DNA sample, a suitable compromise
would be ∼20 ◦ C, which in theory would result in complete melting of the isomerized azo-DNA, since this temperature is well above the melting point of the short cis
azo-DNA. The cis/trans melting temperatures for the shorter azo-DNA sample are,
however, not nearly as well defined as that of the longer azo-DNA sample. This could
indicate that either (i) the sample contains lengths other than the 6 bp expected (ii)
the single stranded azo-DNA and its complementary strand could partially anneal
with themselves, or each other, or (iii) a sequence this short will not fold into the
double helix structure, and therefore does not have a well defined structure. Considering the experimental difficulties involved with stabilizing the temperature of these
low volume samples at anything other than room temperature (as they are circulated
from the reservoir through the pump and into the flow cell) the first experiments were
performed on the short azo-DNA sample at 21◦ C, which is the set lab temperature.

4.4

Transient Absorption Experiments: 450 nm
Pump-White Light Probe

The first experiments used the same concept as that of Zinth et al., in their experiments on the folding of short poly peptides [65, 66]. The azobenzene was isomerized
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using a pump pulse at 450 nm, generated by sum frequency generation of the idler
from the NOPA at 1050 nm with 800 nm. The dynamics were then probed with
white light. Examples of the data from these efforts are shown in figures below. The
top panel of Fig. 4.5 shows the data from an experimental run on a sample of the
single stranded azo-oligo. The lower panel of this figure shows the data for the double
stranded azo-DNA sample, run under identical conditions. Due to the low sample
concentrations, studies were restricted to transient absorption signals in the low mOD
range, where the signals were averaged for many hours to get good signal-to-noise.
The transient absorption data sets both show a peak at time zero, which is the well
known coherent artifact in femtosecond transient absorption spectroscopy, caused by
the cross-phase modulation of the probe by the pump in the solvent [60]. This nonresonant signal serves as a convenient way of characterizing the instrument response
function. For positive delays, both data sets then show a positive transient absorption signal, which decays with two time constants, t1=0.9 ps and t2=7 ps. These
values are consistent with previous published experiments on azobenzene [71]. The
short time constant is explained as a decay of excited state absorption, due to decay
of the excited state to the ground electronic state. The slower component is typically
assigned to vibrational cooling in the electronic ground state of the molecule, based
on the shape of the decay associated spectra.

It is clear that the data sets are almost identical, and that any difference is within the
experimental noise. This caused a revisit of the basic assumptions of this experiment:
1) isomerization of the photo trigger leads to melting of the DNA, 2) the transient
absorption spectrum of the azobenzene group continues to be a good probe of the
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Figure 4.5: Transient absorption data for the 6 bp azo-oligo sample. The top panel
shows data for the experiment on the single strand azo-oligo. The lower panel shows
the data from the experiment on the double stranded azo-DNA, which has been
heated to bring all azobenzene groups into the trans isomer, and annealed with its
complimentary strand. The only data correction performed was to remove any baseline offsets, and setting the channels close to the pump wavelength at 450 nm to zero
due to problems with scattered light. The two data sets unfortunately look identical
within the signal-to-noise that was achieved.
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Figure 4.6: Representative lineout at 553 nm from the transient absorption data
shown in Fig. 4.5. This is an average of 10 scans, and a maximum transient absorption
signal of <20 mOD, with noise smaller than 1 mOD. It is clear that the two data sets
are identical within the sensitivity of measurements.
local environment or surrounding, both during and after the isomerization. This requires that breaking of the stacking interactions with neighboring base pairs can be
followed, based on structural rearrangements through the transient absorption spectrum of the azobenzene photo trigger, 3) the timescale for the dynamics of interest
has some component in the accessible time window. If nothing were to happen on
even a nanosecond timescale, the signals of interest would build up outside the range
of delays that are possible to probe with our technique.

Based on the steady state results, the isomerization of azobenzene does indeed lead
to melting of the DNA, as demonstrated by Asanuma et al. The present experiments
were performed to ensure that the photo induced melting of DNA could be reproduced. The second and third points are somewhat harder to address. The question of
the timescale is certainly a point of contention. The values cited in current literature
are not conclusive, but the recent experiments by Zeweil et al. [68], find timescales of
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700 ps to 2 ns for single strand destacking, and much longer microsecond timescales
for the complete hairpin destacking for the 6 bp hairpin molecule being studied. Although these numbers all depend on the base pair sequence, ionic strength of the
solvent, and PH, their experiments should still be comparable to the present work,
as almost identical conditions were used. However, the discussion in this paper does
raise an important difference between using a temperature jump method and a trigger molecule, such as azobenzene. When the temperature of the solvent is suddenly
raised, as in the temperature jump experiment, all of the molecules in the probed
volume contribute to the pump-probe signal, while only a fraction (maybe a few percent) of the azobenzene trigger molecules are excited by the pump pulse, and further,
only a fraction of those excited actually isomerize. This could be a crucial difference
between the two techniques in experiments where pump-probe signals are already low.

The second concern that the azobenzene is simply not a good probe of the dynamics, is a serious one, but also difficult to prove. In order to address this concern
a collaboration was initiated with PhD. student, Martin McCullagh, in the group
of Dr. George C. Schatz at Northwestern University [76], where good results were
shown using MD simulations to model properties of short sections of DNA [77, 78].
As covered in the next section, the first step in this collaboration was to apply their
MD simulation code to model the short sections of single-strand azo-DNA studied
by Asanuma et al., and then incorporate the isomerization of the azobenzene photo
trigger molecule.
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MD Simulation Results for Single Strand azoOligo

4.5.1

Computational Methods

All simulations were carried out using the parm99 force field in the Amber10 program suite [79]. The azobenzene unit was incorporated into DNA as can be seen in
Fig. 4.7 [73].
Table 4.1: Important dihedral angle values for the cis isomer of azobenzene.
Molecular Mechanics
B3LYP/6-31G

C-N-N-C

C-C-N-N (1)

C-C-N-N (2)

7.9◦

-63.9◦

-9.2◦

-50.1◦

107.5◦
139.0◦

Table 4.2: This table contains a subset of force constants chosen to attempt the trans
to cis isomerization in azobenzene. All values are in kcal/mol.
V04
V05
V06
V07

kC-N-N-C

kC-C-N-N (1)

Resulting added energy

8.0
10.0
12.0
14.0

4.425
2.425
2.425
2.425

41.3
36.2
40.2
44.1

The charges for the azobenzene unit were determined using the RESP method
[80]. All other parameters were taken from similar molecules in the gaff or parm force
fields. Initial geometries of the trans azobenzene single stranded DNA were taken
to be B-DNA, neutralized with sodium ions and solvated with 8.0Å of TIP3 water.
All simulations were carried out using periodic boundary conditions with a particle
mesh Ewald treatment of long range electrostatics. Statistics of the isomerization
event were obtained by randomly selecting 20 geometries from a 6ns production run
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azobenzene

sugar/phosphate backbone

Figure 4.7: Shown is the trans isomer of the azobenzene unit studied here.
of the trans configuration. These 20 geometries were taken as starting geometries for
separate 4 ns isomerization runs. Isomerization was induced by changing the C-NN-C and C-C-N-N dihedral angle equilibrium values around the nitrogen - nitrogen
double bond of azobenzene.

4.5.2

Results and Discussion

4.5.3

Isomerization Model

In order to accurately model the dynamics following the isomerization event, the
isomerization itself must be accurately modeled. The minimized structure of the
cis isomer of azobenzene was obtained using the parm99 forcefield and by modifying
the C-N-N-C and C-C-N-N dihedral angles compared to the B3LYP/6-31G geometry.
The dihedral angle values for both models are compared in Table 4.1. The ≈0 dihedral
angle for C-N-N-C is as predicted for the cis isomer. The change in C-C-N-N dihedral
angles from either 180◦ or 0◦ in the trans configuration to ≈ -60◦ or ≈ 130◦ denote
the slightly rotated benzene rings. The force constants used for the two modified
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Figure 4.8: The C-N-N-C dihedral angle of azobenzene monitored vs time directly
after trans to cis isomerization is induced. v04-v07 refer to different trials in which
different dihedral force constants are employed. These are tabulated in 4.2

Figure 4.9: One of the C-C-N-N dihedral angles of azobenzene monitored vs time
directly after trans to cis isomerization is induced. v04-v07 refer to different trials in
which different dihedral force constants are employed. These are tabulated in 4.2
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dihedral angles not only modify the minimized structure slightly, but also affect the
dynamics of the isomerization event. A few of the different values chosen are given in
Table 4.2. The resulting dynamics of the dihedral angles are plotted in Fig. 4.8 and
Fig. 4.9.
Modification of the force constants only causes a slight difference in the behavior.
In Fig. 4.8, all four trials see a fight to isomerize for the first 1000 fs followed by a
rapid change of dihedral angle from -180◦ to ≈90◦ . All four trials also see a continued
increase in C-N-N-C dihedral angle through 4000 fs. The two trials with the largest
kC-N-N-C , v06 and v07, fluctuate around -50◦ at 4000 fs while v04 and v05 are around
-100◦. All trials give reasonable results for the C-C-N-N dihedral angle plotted in
Fig. 4.9. These plots agree well with a previous study on the isomerization of azobenzene [81]. Also included in Table 4.2 is the amount of energy added by making the
dihedral angle changes. Values of around 40 kcal/mol are observed for all four trials
which is comparable to the laser energy required to induce trans to cis isomerization.
Due to its preference for C-N-N-C dihedral angles closer to zero, the force parameters
from trial v07 were chosen for the rest of the study.

4.5.4

Longtime Dynamics

The dynamics immediately following isomerization were discussed in the previous
section. Azobenzene adjacent bases are slightly disrupted during this time frame
while significant changes to the ssDNA structure are seen on a much longer time
scale. In order to monitor these changes, a variety of geometrical parameters are
investigated. The first of these is the base stacking distance. This is calculated
by computing the center of mass of each base and computing the distance between
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Figure 4.10: A schematic of the sequence used in this study. AZ = azobenzene
unit. The phosphorus atoms are labeled with numbers so the P-P-P angles can be
differentiated.

Figure 4.11: Azobenzene-adenine stacking distance probability distribution. Each
of the 4 ns simulations are divided up into 0.5 ns time segments which are binned
separately.
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Figure 4.12: Azobenzene-guanine stacking distance probability distribution. Each
of the 4 ns simulations are divided up into 0.5 ns time segments which are binned
separately.

Figure 4.13: Probability distributions for the P4-P5-P6 angle. Distributions have
been separated into 0.5ns segments.
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the neighboring points. Only the benzene ring closest to the backbone is used to
compute the center of mass for the azobenzene unit. Of particular importance are
the azobenzene-adenine stacking distance (Fig. 4.11) and azobenzene-guanine stacking distance (Fig. 4.12). These values are computed throughout the 4ns trajectory
and their probability distributions for separate 0.5ns time segments are plotted. The
azobenzene-adenine stacking distribution seen in Fig. 4.11 is fairly broad for all time
segments. The azobenzene-guanine distributions in Fig. 4.12, however, show some
time dependent features.

A bimodal distribution is seen in even the 0-0.5ns time segment with centers at
around 3.5 and 4.5 Å. As time increases, the peak height around 3.5 Å starts to decrease and larger distances start to be populated. This is evidence that the azobenzene
is unstacking with the guanine base. Further evidence of significant geometrical rearrangement of the ssDNA at long times is seen in the phosphate backbone. The
phosphorus atoms, numbered in Fig. 4.10, can be used to monitor the curved nature
of the backbone by monitoring P-P-P angles along the sequence. For this study, the
P4-P5-P6 (see numbering in Fig. 4.10) angle is monitored. The time segmented probability distributions are plotted in Fig. 4.13. The 0-0.5 ns segment has its distribution
centered around an angle of 120◦ which implies a linear structure as in Fig. 4.14. At
longer times, the peak starts to shift to the right, centered at 130◦ for 1.0-1.5 ns and
finally at 140◦ for 3ns or later. Structures with P4-P5-P6 angles of around 140◦ look
like the one depicted in Fig. 4.15. The shift of this peak shows that the backbone
is folding around the azobenzene unit at around 1.5 or 2.0 ns after the trans to cis
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The results from the MD simulations indicate that even for

Figure 4.14: Snapshot of a linear ssDNA structure with azobenzene in the cis configuration. These types of structures populate the short time peaks around 120◦ in the
P4-P5-P6 angle distribution.
ssDNA, the stacking interactions are strong enough to stabilize the structure to some
extent. After isomerization of the azobenzene group, the ssDNA backbone folds over,
as would have been expected. Whether the rearrangement would lead to a significant
change in the absorption spectrum of the azobenzene group is, however, a question
that this analysis cannot answer. While it may be necessary to invest more time in
order to achieve a more direct comparison between experiment and simulation, the
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Figure 4.15: Snapshot of a bent ssDNA structure with azobenzene in the cis configuration. These types of structures populate the long time peaks around 140◦ in the
P4-P5-P6 angle distribution.
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results presented here seem to show enough promise warrant it. It would certainly be
interesting to perform a full MD study of azobenzene triggered dynamics of a short
section of double-stranded DNA.

4.6

Transient Absorption Experiments: 450 nm
Pump-260 nm Probe

Since the experiments probing the azobenzene did not show any sign of dynamics, it
was concluded that while AB is certainly a good trigger for DNA-melting, it is not a
good probe for the dynamics taking place. Instead it is speculated that the isomerization may simply force the molecule to quickly rotate around the backbone, bringing
it away from the base pairs, basically pointing into the solvent. Assuming this was
indeed the case, ways of probing the DNA backbone directly were then considered.
Several techniques could be applied, but the most straightforward seemed to simply
monitor the increase in the absorption band at 260 nm, as the DNA melting proceeded, basically performing a femtosecond time-resolved DNA melting experiment.
While this experiment would be relatively simple to set up, it might prove to yield
very small signals. To estimate this effect, the melting point experiments were analyzed. Here the largest change between the trans and the cis melting curve was ∼
100 mOD for a solution with OD=3 at 260 nm. Evaluating the cis content of the
photo stationary state (here called cis) from its absorption spectrum, it is estimated
to contain roughly 75% cis and 25% trans. In a realistic pump-probe experiment,
where ∼ 10% of the azobenzene photo trigger is excited from trans, a signal on the
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order of 13 mOD at 260 nm from a solution with OD=3 at 260 nm would thus be
expected, assuming that all AB molecules excited end up in cis form, and eventually
lead to melting of the double-stranded DNA. The quantum efficiency of this process
has been estimated for AB and some derivatives [71], but at present it is not clear
how the base pair stacking in the case of trans AB in double stranded DNA affects
this number. Using the available data as a guide, it can be seen that the transient
absorption signals at 260 nm could range from the ∼ 13 mOD (unit quantum yield)
all the way below 1 mOD, assuming a quantum yield of 0.1. Experiments with signals in the 1 mOD range are typically quite difficult, but an attempt was undertaken
nevertheless.

4.7

Results

This effort unfortunately proved to be unsuccessful. The pump-probe signal was
either absent, or, more likely, so small it was not possible to resolve given the signalto-noise of the experimental setup. Given the discussion above, this at least puts an
upper limit on the quantum yield of the isomerization. It should have been possible
to discern transient absorption signals down to ∼1 mOD, so the quantum yield must
have been lower than 0.1.

4.8

Conclusion

From this chapter it can be concluded that when it comes to applying azobenzene as
photo trigger to study melting and bubble formation on DNA, further experiments
are necessary. As with any new technique, this has been a hard road to travel. Based
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on the great work of Asanuma et al., it was possible to make the azo-DNA, and then
take the first steps in reproducing the steady state behavior of the optically triggered
melting process. Efforts to time resolve the process, however, did not meet with
much success. The first attempt to follow the dynamics through absorption changes
of the azobenzene group demonstrated that while the azobenzene unit does switch and
initiate the melting, it is not a very good probe of the local structural changes to the
DNA. The second attempt was admittedly a long shot, and involved following increase
in the 260 nm absorption of the DNA upon melting (hyperchromicity). Unfortunately,
the signal was prohibitively small, and could not be resolved.
Based on these experiences, a suggestion for future experiments on this type of
system would be to incorporate groups into the DNA which could serve as a probe
for the melting. This is a quite well established area, and could be accomplished
similarly to the Zewail paper [68]. Here two possible improvements to the present
experiment are incorporated. The first is the use of a DNA hairpin, where the two
complimentary strands are linked with a flexible polymer section. Using a hairpin, as
opposed to free single strands in solution, minimizes problems with partial binding.
The second is the incorporation of a fluorescence marker (R6G) at the end of the
DNA hairpin. With such a marker it is possible to monitor whether the section is
open or closed at this position by following the fluorescence. When the ends are
closed, stacking interactions lead to a quenching of the fluorescence, which recovers
when the ends are far apart.
As for the future perspectives, it is clear that if this new technique works for DNA,
it would open a whole new area of research for time-resolved dynamics, using small
photo trigger molecules to induce structural change in larger molecular systems. Not
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only would it be possible to study DNA, providing important experimental data for
DNA, bubble formation, and melting theory studies, but the same technique could
be applied to any smaller bio-molecule where the function is closely connected with
molecular structure.

Chapter 5
Generation of Femtosecond DUV
Pulses in HWG
In the quest to study small molecules with femtosecond lasers, tunable UV and DUV
pulses are the tools of the trade. Most amplified femtosecond laser systems use
Ti:sapphire as the gain medium, and thus operate around 800 nm. Tunability is
achieved by pumping an OPA with either the fundamental or the second harmonic of
the Ti:sapphire laser pulses. In order to reach the UV and DUV wavelength range, we
have to perform several steps of either doubling or sum frequency generation. While
the technology for wave mixing in nonlinear optical crystals is well established, it has
its drawbacks.

1) In each mixing step a compromise between efficiency and bandwidth, i.e. ultimately pulse length, has to be made.

2) Each successive mixing step typically leads to an enhancement of any structure or
130
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hot spots in the fundamental beam. This generally results in a relatively poor spatial
profile for the UV beams.

3) With the current selection of NLO crystals, phase matching limits us to UV pulses
with wavelengths slightly lower than 200 nm, and it is quite typical to have problems
with color center formation and optical damage of the crystals at these wavelengths.

For all these reasons alternative schemes for generation of femtosecond UV and DUV
pulses are of continued interest to the community in general and our lab in particular.
This chapter presents one such alternative, where UV and DUV pulses are generated
Difference Frequency Four Wave Mixing (DFFWM) in hollow wave guides using noble
gasses as the nonlinear medium.

5.1

Introduction

Frequency mixing can be performed in nonlinear crystals with relative ease down to
∼190 nm, below which most materials become absorbing. The simplest of the mixing
processes, second-harmonic generation, works down to 200 nm, with the cut-off being
dictated by the phase-matching conditions. The wavelength limit may be pushed
closer to the absorption edge by the application of sum-frequency mixing. The current
short-wavelength limit reached is 166 nm in KB5 (KB5 O8 ·4H2 O) [82] and ∼170 nm
in LBO (LiB3 O5 ) [83] and LiBO (Li2 B4 O7 ) [84], all of which have absorption edges at
∼160 nm. Moving towards shorter wavelengths requires switching to nonlinear media
which do not absorb in the DUV, such as e.g. noble gases. Any schemes considered
must be of third order in the field, since it can be shown by symmetry considerations

CHAPTER 5. GENERATION OF FEMTOSECOND DUV PULSES IN HWG 132

that all even orders of the nonlinear susceptibility, χ(n) , are zero for isotropic media.
The most popular choices are noble gases and metal vapors [85], the latter being
more difficult to handle experimentally but provide broad auto-ionizing, i.e. doublyexcited, states appropriate for resonant enhancement. Gases and wavelengths for fourwave mixing are preferentially chosen such that the frequency of either the drivingor generated light fields are closest possible to a resonant (multi-photon) transition
in the non-linear medium. In the vicinity of such a transition the dispersion varies
considerably, being negative above and positive below the atomic level, thus making
it easier to fulfil the phase-matching requirement, and allowing efficient conversion to
the DUV.
Another way to achieve phase-matching is to use a sufficiently high intensity so
that some fraction of the gaseous medium is ionized, leading to a negative contribution to the dispersion from the plasma, which, under the right conditions, can balance
the positive contribution from the non-ionized gas. This was recently used by Suzuki
et al. [13], in order to phase-match a FWM process driven by 400 and 800 nm, generating short DUV pulses at 266 and 200 nm.

One proposed option for DUV and VUV generation that has recently been an area of
very active research area is High Harmonic Generation (HHG). The process is agreed
upon to be a strong field effect, intuitively well described by the so called 3 step
model [86]. In the first step an electron tunnel ionizes into the continuum. Here the
free electron accumulates energy in the strong laser field (this is step 2), and can
then return and recombine with the parent atom or molecule leading to emission of
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an XUV photon (step 3). Only certain trajectories lead to recombination and emission of light. As one might expect from this description, the yield of the process is
inherently very low. If the goal is to use HHG as a source of photons for pump-probe
type experiments, the lower harmonics, 5’th (7.75eV), 7’th (10.85eV) and the 9’th
(13.95eV) (all assuming a driving field at 800 nm), seem promising candidates. Wavelength separation, with low loss and dispersion in this energy range is, however, not
trivial [87, 88]. A possible exception is the 5’th harmonic, where dielectric optics are
commercially available [89].

All the previous examples use free-propagating, gaussian beams. If the fields instead propagate inside a capillary or hollow waveguide, this guiding structure gives a
negative contribution to the dispersion, making it possible to balance the positive dispersion from the medium, with a negative contribution from the capillary to achieve
phase-matching and efficiently generate DUV light. This will be investigated in the
following section.

5.2

Hollow Wave Guides

The propagation of light inside dielectric hollow wave guides has been treated by
Marcatili et al. [90]. Below the main formulas will be given, as a foundation for the
discussion on hollow waveguide UV and VUV generation.
Hollow waveguides differ significantly from conventional step-index optical fibers
in their guiding mechanism. In hollow dielectric waveguides the light is guided by
grazing incidence Fresnel reflection, rather than total internal reflection. Although
the mode structure is similar to that of conventional step-index fibers, this guiding
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mechanism is inherently lossy, due to partial transmission through the wall of the
capillary [90]. The throughput of a hollow capillary can be written as:

I/I0 = exp(−αnm l)

(5.1)

Where l is the length of the capillary, and αnm is the attenuation coefficient for
the mode with azimuthal index m, and radial index n, which for a capillary with
inner radius, a, is:

αnm =



unm
2π

2

λ2 ν 2 + 1
√
a3 ν 2 − 1

ν=

nglass
ncore

(5.2)

Here unm is the modal constant, λ is the wavelength and ν is the ratio between the
refractive index of the external (fused silica) medium, and internal gas medium. The
lowest order mode in the capillary is the linearly polarized EH11 which is also closest
to the free-space T EM00 gaussian mode. Comparing the 3 lowest order modes, EH11 ,
EH12 and EH13 , it is clear that since propagation losses are quite high for EH12 and
EH13 , mode discrimination ensures that ultimately only EH11 remains at the output,
see Fig. 5.1. The strong dependence of transmission, on wavelength, λ and capillary
radius, a, should also be considered when capillary length is selected, as shown in
Fig. 5.2 and 5.3.
Even with the mode discrimination it is still important for any nonlinear mixing
scheme to couple as cleanly into the lowest order EH11 mode as possible, since the
higher order modes will likely not phase-match at the same pressure, or maybe lead
to phase-matching of light generation in a higher order mode.
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Transmission of 800nm in the 3 lowest order modes
with mode constants u11=2.4045, u12=5.5201 and u13=8.6537
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Figure 5.1: Capillary transmission for 800 nm light as a function of the propagation length, L. The three curves show the transmission I/I0 , for the three lowest
order spatial modes, EH11 (blue), EH12 (green) and EH13 (red) with mode constants u11 =2.4045,u12 =5.5201 and u13 =8.6537 respectively. All the curves are drawn
for a capillary of diameter 75 µm.

5.3

Mode Coupling for Hollow Wave Guides

Launching the gaussian laser TEM00 mode in a hollow waveguide, has been treated
in by e.g. Nubling et al. [91]. The efficiency of the process can be characterized by an
overlap integral between the modes in the fibre and the free space modes. Focusing
a gaussian beam into the hollow waveguide, only EH1m modes are launched. The
spatial profile of these modes can be approximated by a zero order Bessel function:

E(r) = E0 J0



r
um
a



(5.3)

Where um is the propagation constant for the m’th mode, a is radius of the waveguide,
and r is measured from the center of the waveguide, 0 < r ≤ a. The Gaussian beam
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Transmission as a fct of wavelength, a=25mu
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Figure 5.2: Transmission through a hollow waveguide of diameter 2a=50 µm, as a
function of length, for the different wavelengths, 800 nm (blue), 400 nm (green) and
266 nm (red).
focus with waist ω can be written as:

E(r) = E0 exp(−r 2 /ω 2 )
And the overlap integral, gives the coupling efficiency, ηm :
Ra
[ 0 exp(−r 2 /ω 2)J0 (um ar )rdr]2
Ra
ηm = R ∞
exp(−2r 2 /ω 2)rdr 0 J0 2 (um ar )rdr
0

(5.4)

(5.5)

A plot of this coupling efficiency as a function of the ratio between the gaussian
width ω0 , and capillary radius, a is shown in Fig. 5.4. We find that a ratio of spot
size to waveguide radius of ∼0.7 provides optimal coupling of the free-space mode to
the lowest order EH11 waveguide mode. In practice, this ratio is set slightly higher
than 0.7 to ensure that the next lowest order modes (EH12 and EH13 ) are not excited.
Together the expressions from this section make a good starting point when weighing
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Transmission as a function of capillary diameter, 800nm and in u11
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Figure 5.3: Transmission of 800 nm light, assuming propagation in the lowest order
mode EH11 , for waveguides of diameter 2a=30, 50, 75 and 100 µm.
factors such as waveguide diameter, length and coupling optics. In reality practical
considerations play a large role in choosing the correct waveguide. It becomes increasingly difficult to achieve a good coupling efficiency for both the pump and seed
colors, as the fiber diameter is decreased. For the larger diameters, the mode spacing
is small, resulting in a significant fraction of the shorter wavelength pump light in
the higher order modes, making the output unstable, and ultimately any pump or
seed light in these modes will not contribute to the FWM process. These practical
considerations are best characterized with experiments.
A promising technique pioneered by Kapteyn and Murnane [92], is to apply difference frequency four wave mixing (DFFWM) in hollow core wave guides filled with
Argon. They demonstrated that the negative dispersion originating from propagation in the hollow waveguide could balance the positive dispersion from a noble gas
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coupling efficiency for hollow waveguides of diameter 2a
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Figure 5.4: Coupling efficiency, ηm , of a gaussian beam to EH1m waveguide mode, as
a function of the ratio between the gaussian width, ω0 , and capillary radius, a. The
three curves show coupling to the EH11 (blue) EH12 (green) and EH13 (red) waveguide
mode. It is clear that a ratio of ∼0.7 is optimal for coupling into the lowest order
EH11 spatial mode, and that it is always preferable to use a spot size which is slightly
too large, in order to minimize the coupling to the higher order modes, EH12 and
EH13 .
at a certain pressure, resulting in phase matching and thus macroscopic conversion
efficiencies for certain wave mixing processes. Starting with a 25fs beam at 800 nm,
they demonstrate that with ∼25 µJ 400 nm and ∼30 µJ 800 nm, DUV pulses at the
third harmonic, 267 nm, could be generated with energies between 2.5 and 10 µJ.
They also detect the generation of further harmonics, 4ω and 5ω by cascaded FWM,
all with large bandwidths, which could support DUV pulses much shorter than the
driving fields.
As shown by Bradforth et al. [93], this can also be scaled down to the lower pulse
energies and longer pulses (100 fs) typically available from commercial femtosecond
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laser systems resulting in a tunable source of sub 30 fs laser pulses, with µJ of energy,
tunable in the very interesting range for many problems in photochemistry 220-240 nm
(using Argon as the nonlinear medium they obtained 2.5 µJ at 237 nm and >1 µJ
between 224-240 nm, using 70 µJ 400 nm and a few µJ of tunable near-IR seed light
from an OPA).

5.4

Phase-Matching in Hollow Waveguides

By countering the diffraction of the propagating laser light, the capillary adds a
negative term to the wave vector, k. The propagation constant for a capillary filled
with a medium of refractive index n is:




2 
2πn(λ)
1 unm λ
k(λ) =
1−
λ
2 2πa
  
  2 
2π
2π
unm λ
k(λ) ≃
+
δn(λ)P −
λ
λ
4πa2

(5.6)
(5.7)

Writing the refractive index of the gas as a function of pressure n(λ) = 1+δn(λ)P .
Fig. 5.5 shows a plot of the dispersion of a few noble gasses. In this approximate
form of the propagation constant, it splits into 3 sources of dispersion: The vacuum,
gas and waveguide. For a particular nonlinear mixing process, the total wave vector
mismatch can now be found simply as the sum of these contributions, and by adjusting
the pressure, waveguide diameter and propagation mode, the wave vector mismatch
can be tuned, and phase-matching (∆k = 0) achieved. For the DFFWM process we
are considering here, energy conservation demands that ωsignal = 2ωpump − ωseed, see
Fig. 5.6, and momentum conservation requires ∆k = 2kpump −kseed −ksignal . Assuming
all beams propagate in the same mode (unm = u) we get:
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Figure 5.5: Plot of the variation of the refractive index as a function of wavelength,
for Neon, Argon and Krypton. The refractive index is n = 1 + δn as given by the
Sellmeier equation, with constants taken from Dalgarno and Kingston [94].
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∆k = 2πP
λpump
λseed
λsignal
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2λpump − λseed − λsignal
4πa2
∆k = ∆kgas − ∆kmode



−

(5.8)

(5.9)

Since the modal dispersion term (∆kmode ∝ 1/a2 ) is always positive, and the gas
dispersion (∆kgas ∝ P ), is also positive for the case of normal dispersion, there exists
an optimum pressure, where ∆k = 0.
An example of how this can be applied is shown in Fig. 5.7, where the Sellmeier
data for Argon was used to find the phase-matching pressure for the DFFWM process, for λpump =400 nm and λSeed =800 nm generating signal at 266 nm, for selected
capillary diameters.
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Figure 5.6: Photon diagram of the DFFWM process, which is the basis of hollow
waveguide DUV and VUV generation. The signal is generated through a third order
process, involving absorption of two pump photons, stimulated emission of one seed
and one signal photon.

5.5

Experimental Setup for Third Harmonic Generation

Although the third harmonic wavelength region (267 nm) is accessible by wave mixing
in nonlinear crystals, the benefits of using DFFWM in hollow wave guides are clear:
The self and cross phase modulation results in larger bandwidths for the generated
UV beam which can still be compressed almost to the transform limit using a simple
prism compressor. Using tunable near-IR light (from e.g. a TOPAS), as the seed it is
possible to generate tunable UV light in a region of interest for many photochemical
reactions (220-240 nm) [93]. Last but not least, the spatial mode profile of the UV
beam is excellent. When the setup is properly aligned, the inherent spatial filtering of

CHAPTER 5. GENERATION OF FEMTOSECOND DUV PULSES IN HWG 142

Calculated optimum phasematching pressure, 266nm generation in Ar
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Figure 5.7: Phase-matching function (sin(x)/x)2 , where x = ∆kl/2, for third harmonic generation, through DFFWM in Argon. Three different capillary radii are
shown, a=37.5, 50 and 75 µm. All three wavelengths, pump, seed and signal, are
assumed to propagate in the lowest order spatial mode EH11 .
both driving and generated beams leads to an almost perfect TEM00 spatial profile.
A schematic of the setup can be seen in Fig. 5.8. The optical part of this setup is
quite straight forward. A 360 µJ, 800 nm beam with a 7 mm spot size is used to
generate the 400 nm pump beam by doubling in a 0.5 mm thick β-BBO crystal cut
for type 1 phase matching. The fundamental and doubled beams are then separated
using a dichroic beam splitter. Since the FWM process is most efficient when all the
polarizations are parallel, the polarization of the 800 nm is rotated to S. Each beam
has its own focusing lens in order to ensure proper mode matching with the capillary.
The capillaries used in these experiments were all fused silica (FS), with a polyimide cladding, resulting in a total outer diameter (O.D.) of 360 µm. The capillary
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Figure 5.8: Sketch of the third harmonic setup. As described in the text, the fundamental 800 nm beam is telescoped down 2:1, doubled in a thin (0.5 mm) BBO crystal
to generate pump and seed beams for the FWM process. The two colours are then
then split, in order be able to rotate the polarization of the fundamental, and time
the two pulses up inside the fiber. Each beam has its own focusing lens, in order to
ensure proper mode matching. The capillary sizes used in these experiments were
100 and 75 µm.
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Figure 5.9: Spectra of the generated third harmonic, as a function of the delay between
the 400 nm pump and the 800 nm seed pulse. The drastic changes in the spectrum is
due to cross phase modulation. It should be noted that the output power for delays
corresponding to spectra p12 and p9 was the same. The wide p12 spectrum was chosen
for the attempts at recompression, since this would results in the shortest possible
pulse.
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fibers arrive on long spools, can be purchased in a variety of different inner diameters, and are inexpensive [95]. These fibers can, after a little practice, be cleaved
to the desired length, threaded into a borosilicate glass tube with an inner diameter (I.D.) of 360 µm and O.D. ∼ 6 mm, which will keep the capillary as straight as
possible [96]. Examples of a few typical cleaves from the beginning and end of the
learning curve of capillary cleaving are shown in Fig. 5.11. Typically the polyimide
cladding is stripped away from the last 3 mm of the fiber ends, and the outer glass
tube is cut about 5 mm shorter than the capillary in order to leave the ends clearly
exposed, making it easier to see when the laser beam is close to coupling in properly.
For capillary lengths shorter than 50 cm, the glass tubing is rigid enough, that it
does not need any support in the middle. For longer lengths, it becomes important
to have either a single support point near the middle or place the entire capillary
in a V-groove. The system for evacuation and introduction of gasses into the fiber
was made as simple and flexible as possible. The glass tube simply slides into two
ultraTorr fittings, which can then be hand tightened. A sketch of the fiber bench can
be seen in Fig. 5.10.

Figure 5.10: Technical drawing from Solidworks of the optical bench used for the
hollow waveguide experiments. Each component can be moved along tapped holes in
the U-profile, in order to be able to change fiber lengths easily.
Based on the considerations in the previous sections on propagation lengths for
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Figure 5.11: Microscope pictures of the results obtained while practicing cleaving the
capillary fibers. The outer diameter (O.D.) of the fiber is 360 µm. Essential for a
good cleave is to make a very small nick of the fiber, which can then be cleaved by
applying tension in the length direction only. A good cleave is illustrated by the first
two pictures from the left, showing the end and side view respectively. The right
most picture shows an example of poor cleave.
800 and 400 nm in capillaries, a good starting compromise seemed to be the 25-30 cm
long, 100 µm and 75 µm diameter fibers. In general, using a capillary with a smaller
diameter would seem like a good idea, increasing the peak intensity, and thus driving
the third order process more efficiently. Experimentally, coupling into the smaller
diameter fibers (≤50 µm) turned out to be very challenging.

5.6

Compressing and Characterization using a TwoPhoton Autocorrelator

For these preliminary experiments, a simple CaF2 prism compressor was built to
compress the 266 nm pulse. Since the third harmonic was generated with S-polarized
pump and seed pulses, it too was S-polarized out of the fiber. The polarization of the
signal was rotated, using a zero-order waveplate, passed through a prism compressor,
and sent to a home built autocorrelator, based on two photon absorption in fused

CHAPTER 5. GENERATION OF FEMTOSECOND DUV PULSES IN HWG 147

silica. A schematic of this setup can be seen in Fig.5.12.
Although a simpler method, such as cross correlation using difference frequency
generation with a suitable short NOPA pulse, may have been a more obvious choice
for characterizing the 266 nm pulses, this method could in principle be applied even
further into the UV where phase-matching in crystals is no-longer feasible. The only
constraint is that the material used as nonlinear medium has to be transparent at
the fundamental wavelength, while exhibiting two photon absorption. Using CaF2
or MgF2 , instead of the FS microscope cover slide, should thus make it possible to
autocorrelate pulses, certainly in the DUV region, but possibly even down into the
VUV, above the absorption edge of these crystals (140-160 nm) [12]. Varying the
delay between pump and seed pulse, the capillary setup was tuned to produce a 5 nm
wide spectrum, shown as p12 in Fig. 5.9. This would correspond to a 21 fs pulse, if we
were able to compress to the transform limit. Before the compressor, we measure a
pulse length of 370 fs. Considering a pulse of λ=266 nm and ∆λ=5.6 nm, propagating
through the material in the beam path (3 mm FS exit window on the fiber setup,
zero-order half waveplate, and the 2 mm CaF2 window used for splitting the pulse
in the Autocorrelator) we would expect the pulse to stretch by approximately 110 fs.
This would indicate that the UV pulse length is initially generated with a pulse
length close to 260 fs. A surprising result, since both pump and seed pulses have
pulse lengths of ∼100 fs. After fine tuning the length of the prism compressor, such
that the minimum material is inserted in the beam we measure a pulse width of 39fs.
A typical two photon autocorrelator trace for the compressed pulse can be seen in
Fig. 5.13. Since this compression was performed rather quickly, it may be possible
to get closer to the transform limited ∼21 fs, by reducing the amount of glass in the
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beam. Rotating the polarization of the third harmonic beam with a periscope, and
using thinner optics in the autocorrelator would be obvious places to start.
It should be noted that what is measured in this pulse characterization technique
is the transmission of the probe pulse as a function of delay between pump and probe.
When the intense pump pulse overlap the probe in time, the increased intensity leads
to a higher probability of two photon absorption, and thus a lower transmission of
the probe. Any noise on the THG signal thus translates directly into a noise on the
autocorrelation trace.

5.7

Fifth Harmonic Generation, Towards Tunable
VUV

With the experiences gained from the HWG third harmonic setup, we set out to
extend the technique further into the UV/VUV wavelength range, by simply pumping
with the third instead of the second harmonic. Initially 266 nm and 800 nm light
were to be coupled into the capillary, in order to drive the FWM process, generating a
signal at 160 nm. If this showed promise, it would be straight forward to use the nearIR output from an OPA (TOPAS tuning range 1150-2600 nm), instead of the 800 nm
as a seed, resulting in VUV pulses tunable from ∼ 140-150 nm (8.82-8.22 eV). This
tuning range could also be extended between the 4th and 5th harmonic by seeding
with a NOPA. During the construction of this setup an almost identical approach
was published by Tzankov et al. [97].
One concern when generating VUV light in this fashion is that the fused silica
capillary would absorb at the signal wavelengths, since the absorption edge for fused
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Figure 5.12: Sketch showing the CaF2 prism compressor (A), and two photon autocorrelator (B) used to compress and characterize UV pulses from the capillary setup.
The generated third harmonic is first collimated with a thin FS lens. A zero-order
half wave plate is used to rotate the polarization to P, before the beam is sent to
the prism compressor. Section A of this figure shows the beam path in the prism
compressor. The beam enters at one height, and is then directed slightly down at
the end mirror, in order to hit the pick off mirror, here shown with a dashed line,
directing the beam towards either an experiment or the autocorrelator. In section B,
W1, W2 and W3 are 2 mm thick CaF2 windows, W1 working as a beam-splitter, W2
balances the dispersion on the two arms, and W3 is the nonlinear material, where the
two photon absorption takes place. SM is a spherical focusing mirror (f=250mm),
UV enhanced Aluminium coated (PAUV), AP is an iris blocking the pump beam, and
PD a GaP PIN photodiode (Thorlabs). All other optics are UV enhanced Aluminium
coated mirrors.

CHAPTER 5. GENERATION OF FEMTOSECOND DUV PULSES IN HWG 150

-0.90

-0.92

-0.94

rel. intensity

-0.96

-0.98

-1.00

-1.02

-1.04

= 39fs

-1.06

-300

-200

-100

0

100

200

300

delay / fs

Figure 5.13: Two-photon autocorrelator (AC) trace for the 266 nm pulse, generated
by the HWG technique. Based on the 5 nm FWHM wide spectrum, the transform
limit should be 21 fs. Using a simple CaF2 based prism compressor, we were able to
compress the pulses down to 39 fs.
silica lies close to 200 nm [12]. The generated light will not require guiding to the same
extent as the pump and seed and this may mitigate the loss due to absorption. The
reduced need for guiding can be understood by calculating the expected Rayleigh
range for the generated VUV pulse. Assuming that we use a 2a=50 µm diameter
capillary, and use optimal coupling to the lowest, EH11 , spatial mode for both the
driving fields, we see that all beams must have a spotsize of ∼ 0.7·50 µm=35 µm.
The corresponding Rayleigh length, ZR , for the 5th harmonic would then be given
by:

πω02
λ
π(35 µm)2
=
= 24 mm
0.160 µm

ZR =

(5.10)

ZR

(5.11)
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With a capillary length comparable with ZR , attenuation may not be too severe.
If attenuation of the generated VUV beam is still a problem, even for very short
fibers, a possible solution could be to coat the inside walls of the capillary with a
metallic coating, enhancing the reflectivity in the UV/VUV wavelength range. This
has been demonstrated for larger diameter (1 mm) capillaries by Miyagi et al. [98],
where they demonstrated the use of these coated capillaries to transport ArF excimer
laser light at 193 nm, with very low losses.
Using the same equations as above, the phase matching pressure of the DFFWM
process, in various noble gasses, was calculated. The phase-matching pressures only
tell half the story though. An equally important consideration is the polarizability of
the medium. Although Neon should be able to phase match this process at a higher
pressure than Argon (47 Torr for a=37.5 µm), the higher polarizability of Argon
still makes it a better candidate for this experiment. A plot of the phase-matching
efficiency for the generation of 160 nm light, using 266 nm pump and 800 nm seed
pulses, as a function of pressure, for two different capillary sizes is shown in Fig. 5.14.
A schematic of the optical setup can be seen in Fig. 5.15. Briefly, a small fraction
(15 %) of the 340 µJ fundamental beam was split off for seeding, prior to the harmonic
generation step. This ensures the seed is a spatially, spectrally and temporally clean
pulse. The rest of the 800 nm light (85 %) was first doubled in a thin β-BBO crystal
(500 µm, Type 1 θ=28 deg.). The 96 µJ, 400 nm, second harmonic (SH) beam
was then reflected off a 800/400 nm dichroic beamsplitter, properly delayed, and
subsequently recombined with the fundamental on another dichroic beamsplitter.
Before recombination, the 800 nm polarization was rotated to S with a half wave
plate. The 400 nm and 800 nm beams were then sent through another β-BBO crystal
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Calculated optimum phasematching pressure, 160nm generation in Ar
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Figure 5.14: Phase-matching function (sin(x)/x)2 , where x = ∆k, for 5th harmonic
generation through DFFWM in Argon. Two different capillary radii are shown, a=25
and 37.5 µm. All three wavelengths, pump, seed and signal are assumed to propagate
in the lowest order spatial mode EH11 .
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(0.200 µm thick, θ =45 deg cut for type 1 SFG), generating 28 µJ of 266 nm to
be used as the pump beam. The pump and seed beams were then focussed, using
separate lenses, and recombined on another thin dichroic beamsplitter.
As in the third harmonic generation experiment, matching the modes of pump and
seed to the capillary diameter is critical in order to achieve high transmission in the
correct EH11 spatial mode. Focussing too weakly results in poor coupling efficiency,
while focussing too tightly will result in a higher transmission, but with a large part
of this energy in higher order spatial modes. In the best case, the energy in these
higher order spatial modes does not contribute to the DFFWM process. It was often
found however, that both pump transmission and signal generation would become
very unstable when the pump was improperly mode-matched to the capillary. We
suspect this can be attributed to the division of energy between two different spatial
modes. With improper mode-matching, the power would be coupled to e.g. the two
lower spatial modes, and the division of energy between two different modes would
become very sensitive to small changes in coupling. Small variations in the laser
pointing would then lead to large instabilities.
Initial time overlap between the pump and seed pulse, t=0, was found using SFG
of 266 nm and 800 nm in a thin β-BBO crystal (7x7x0.1 mm θ=65 deg, Type 1). Subsequently, the beams are coupled into the fiber setup, where the time overlap would
be slightly different due to the dispersion of the MgF2 entrance window. Filling the
fiber with Argon gas (185 Torr), we found t=0 again by simply observing the spectrum of the pump beam as the delay is scanned. As shown in Fig. 5.16, the spectrum
of the 266 nm pulse resembles that of the in-coupled beam when the capillary is evacuated. When the capillary is filled with Argon, the spectrum becomes significantly
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Figure 5.15: Layout of the 5th harmonic setup, the subsequent collimation, and setup
for measuring the VUV spectrum with a monochromator. Section A shows the optical
layout for generation of the pump and seed, along with the optics for coupling into
the capillary. Tel1 and Tel2 are 1:3 and 1:2 telescopes, BBO1 is the crystal for second
harmonic generation (SHG), BBO2 is the sum-frequency generation (SFG) crystal,
generating 3ω. The fundamental and third harmonic are focussed into the 50 µm
I.D. capillary with lenses f1=300mm and f2=300mm respectively. Section B is a
sketch of the beam path in vacuum from the output of the capillary to the vacuum
monochromator, along with the photon diagram for the DFFWM process.
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broader, due to self phase modulation (SFM) in the gas. When the pump and seed
beams overlap, cross phase modulation (XPM) leads to further changes of both the
fundamental and the third harmonic spectra. The exact shape depends on the particular delay. Transporting ultrashort VUV pulses to the experimental UHV chamber,
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Figure 5.16: Spectra of the third harmonic after the waveguide, for different experimental conditions. When the capillary is evacuated (0 Torr), the spectrum resembles
the spectrum of the in-coupled light. It is smooth, ∼2 nm wide. When the capillary
is filled with 185 Torr of Argon, self phase modulation is evident. Coupling the seed
beam (800 nm) in, and finding t=0, we see a clear difference in the spectrum, due to
the cross phase modulation of pump by the seed pulse.
while keeping them short can be very challenging, due to the absorption and high
dispersion in this energy range. Unless the path from the source, where the pressure
has to be kept at the phase matching pressure for the process, to the experiment is
done in several differentially pumped stages, completely without any windows, pulses
in this wavelength region will disperse very quickly (a transform limited 60 fs pulse
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at 160 nm will stretch to 580 fs if propagated through 10 mm of CaF2 ). The traditional method of overcoming this is to pre-compensate for the dispersion, introducing
negative dispersion with a compressor, either prism or grating based. With these
devices, the quadratic dispersion (GVD), can be canceled completely, while higher
orders (Third (TOD) and Fourth order dispersion (FOD)) in the original pulse, and
introduced by the compressor remain [99, 10]. The right combination of a prism and
a grating compressor could be used in order to remove both GVD and TOD [100].
This is not practical in our case, because grating efficiency at these wavelengths is
typically prohibitively low. As an example, consider that a high efficiency grating for
160 nm is 50% efficient. For a grating compressor requiring four reflections off the
grating, this results in only 6% throughput. (see e.g. Ref. [101])
Instead we propose to write the appropriate phase function to pre-compensate
this dispersion into the pulse seeding the DFFWM process. For example, assuming
transform limited pump pulses, writing a linear positive chirp on the seed pulse, would
result in a signal pulse with an equal but opposite linear chirp.
One way this could be implemented would be to send the seed beam through a
4-f SLM pulse shaper before entering the capillary. Shaping near-IR pulses is a well
established field, and at the low powers required for seeding, problems with damage
of the SLM would not be expected. An example of how a SLM based 4-f setup can
be used for compression, while compensating handling higher order contributions to
the dispersion can be seen in Ref. [102].
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5.8

Future Perspective and Ideas

Generating tunable UV (220-240 nm) and VUV (140-150 nm) by hollow waveguide
DFFWM offers some unique possibilities and challenges, compared with more traditional methods.
Clearly, large improvements can be expected in the in-coupling and mode-matching.
Further gains may be possible by exploring some of the different fiber ends available
from the manufacture. For example, tapering the first 1 mm of the input side of the
capillary could lead to an improvement in coupling efficiency. For work in the VUV,
Metal coatings of the inside of the fiber will be essential for generating light below the
absorption edge of fused silica. It may also be possible to improve signal generation
by periodically changing the capillary diameter, i.e. quasi phase matching the desired
process at a higher pressure [103].
The interesting tuning range along with the promise of very short DUV and possibly VUV pulses with excellent spatial mode quality makes it very likely that sources
based on DFFWM in capillaries will see more use in the future. For pump-probe
experiments in the gas phase on smaller molecules, it would be of great interest to
be able to pump or probe with slightly harder photons than the ∼ 200 nm, which is
currently available. In this type of experiment it is desirable that both the excitation
and probing step is a single photon transition, so as not to confuse the analysis, by
passing through intermediate states. Tunable ultrashort VUV pulses could thus open
the door to study a long list of systems not previously possible.
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Table 5.1: Summary of experimental and theoretical conditions for the hollow waveguide generation of third harmonic.
ø=100 µm

Freq.

Pin

Pout

theory
Pout

T(theory)

PPexp
M

PPtheo
M

signal
Pout

(µJ)
146
110
-

(µJ)
50
62
-

(µJ)
74
82
-

(%)
51
85
93

(Torr)
133

(Torr)
150

(µJ)

ω
2ω
3ω

ω
2ω
3ω

10
125
-

0.8
47
-

1.5
61
-

20
67
84

233

260

l=30 cm

5

ø=75 µm
l=30 cm

†

3.8

The theoretical output power was calculated assuming a 4 % reflection loss at each surface, optimal
coupling to the EH11 mode, and propagation losses in the capillary from theory.

Chapter 6
Rewritable Azopolymer Gratings
6.1

Introduction

Azobenzene is arguably the best example of a molecular switch to date. The areas
where such a switch can be used are wide ranging. While we previously described
the incorporation of azobenzene into short sections of DNA polymer, in order to be
able to study photo triggered melting, this chapter covers experiments where Disperse
Red 1 (a derivative of azobenzene) is built into polymethyl methacrylate (PMMA)
polymers. Films of the photo-active azo-polymers have been used to produce optically
rewritable birefringence gratings and also in the formation of dramatic surface relief
gratings upon irradiation. Inspired by this work we construct a fiber Bragg filter,
which can be optically written and thermally erased, based on azo-polymer surface
relief gratings. Gratings were optically written on azopolymer-coated side-polished
fiber blocks, and a write-erase-write cycle was demonstrated. Finite difference timedomain simulations reveal that this optically reconfigurable device concept can be
optimized in a silicon-on-insulator waveguide platform.
159
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This work was done in collaboration with Dr. Paul Rochon and Mario Ivanov, at
the Royal Military College (RMC), and the characterization and modeling with Dr.
Pavel Cheben at the Institute for Microstructural Sciences (IMS), NRC.

6.2

Azobenzene Based Polymer Gratings

Azobenzene-based polymers can act as photosensitive, nonlinear optical, or photorefractive materials and have ever increasing fields of application including programmable
optical interconnects, electro-optic modulation, coherent image amplification, and
holographic storage [104]. Both surface relief gratings and birefringence gratings with
relatively high diffraction efficiencies have been demonstrated in azo-dye-doped polymers and their formation mechanisms, based on cis-trans isomerization of azobenzene,
have been studied extensively [105, 106]. Using this cis-trans isomerization, it is possible to form surface relief gratings with almost full modulation depth [105, 106, 107].
These structures have a high index contrast yet can be erased simply by heating the
polymer to above its glass transition temperature for a few minutes. The ease of formation and range of tunability of these polymer gratings make them interesting in connection with reconfigurable devices. Although birefringence gratings may be the best
candidates for a real device given that readwrite cycling and long-term stability are
well established [108], surface relief gratings are chosen for these first proof-of-concept
experiments because of their order of magnitude larger index contrast. Reconfigurable
optical devices for telecom applications such as dispersion compensation, switching,
and wavelength multiplexing are being explored in many laboratories. Bragg gratings
are important elements in such systems and, therefore, reconfigurable optical Bragg
grating structures with fine wavelength control and wide tunability are desirable. One
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approach to this problem is to incorporate a degree of tunability into existing glassbased Bragg devices through temperature tuning of the refractive index [109, 110] or
by piezoelectric [111], magnetostrictive [112], or mechanically induced strain [113].
With few exceptions [114] these all require a continual supply of electrical power to
maintain the altered wavelength and, typically, the tuning ranges are limited to a few
nanometers. We demonstrate the proof of concept for an arbitrarily tunable, optically
reconfigurable Bragg filter based on thin azopolymer films. We also show by means
of finite difference time domain (FDTD) simulations how this approach can lead to
an optimized device based on a silicon-on-insulator (SOI) planar waveguide platform.
As discussed elsewhere [115] we optically wrote surface relief gratings in a thin film
of poly-(4′[2- (methacryloyoxy)ethyl]amino4-nitroazobenzene). Coupling a grating to
waveguide modes can be technically realized in a number of ways. For the purposes
of demonstrating the proof of concept, we chose a simple, side-polished fiber block
design consisting of a single-mode fiber (Corning SMF28) glued in a V groove having
a 400mm radius of curvature that was diamond cut into a glass substrate. The blocks
were polished to a core-to-polished surface distance of 2µm exposing the evanescent
field of the fiber [116]. Polymer films of 0.2µm thickness were then spin coated on
top of the exposed fiber cladding and 4mm long surface relief gratings were optically
written, using 5min of 100mW/cm2 , 488 nm argon-ion laser exposure on the section
where the fiber core was closest to the surface. The spectral properties of the device
were measured by launching a TE-like mode (electric field parallel to the azopolymer
film plane) into the fiber and measuring transmission while scanning the wavelength
by use of a tunable laser and detector system (Agilent 8164A lightwave measurement
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system). The optically written gratings were thermally erased by electrically heating the glass block to a temperature of 140 ◦ C for 2 min. This allowed for a new
grating to be optically written, completely independent of any features of the original grating. We achieved an estimate of the expected device parameters, including
grating efficiency and spectral width, by calculating the modes and their effective

-4

∆neff (10 )

indices with a two-dimensional mode solver [117]. The modeled structure consisted
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Figure 6.1: Calculated TE mode profiles for a fiber overcoated by uniform (no grating)
polymer films of thicknesses 0.1 µm (full line) and 0.37 µm (dashed line), for the
parameters given in the text. The left inset shows a sketch of the geometry of the
buried waveguide with the polymer film shown as the hatched area. Shown in the
right inset is the change in the fiber mode index from neff =1.464, calculated for a
fiber cladding thickness of 2 µm and polymer overlayer thickness ranging from 0 to
0.4 µm.
of a buried fiber with a 10 µm core width and a 1.465 core refractive index, an upper
cladding thickness between 2 and 8 µm of index n=1.462, and a polymer over layer
of refractive index n=1.63 with variable thickness tp . In Fig. 6.1 we show the TE-like
fundamental mode profile of a fiber (8 µm cladding) for uniform polymer over layers
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of thicknesses tp = 0.1 and 0.37 µm. As intuitively expected, the mode is gradually
attracted toward the high index polymer layer as the polymer thickness increases.
For a polymer thickness above tp = 0.37 µm, the portion of the fundamental mode
confined in the azopolymer cladding increases at the cost of the field confined in the
fiber core, resulting in substantial power leakage from the core into the polymer overcladding. This effect of coupling the fiber modes to a planar over-layer waveguide of
oil, solid state [118] or polymer [119] material has been studied previously. In the experiments reported below, the polymer layer was kept thin so as to minimize polymer
guided modes. To estimate the influence of the grating on the guided light, the fiber
mode effective index, for a 2 µm cladding, was calculated for a polymer thickness
ranging from 0 to 0.4 µm, as shown in the right inset of Fig. 6.1. We consider a 2
mm long relief grating with a periodically modulated thickness ranging from tp,max =
0.3 µm to tp,min = 0.1 µm. The refractive index difference neff between the effective
mode indices at tp,max and tp,min , indicated by the circles in the right inset of Fig. 6.1,
was then used to calculate the grating intensity reflectivity for the first-order Bragg
resonance according to r = tanh2 (κL), where κ = π∆ L neff /λ is the grating coupling
coefficient, L is the grating length, and λ is the vacuum wavelength [120, 121]. From
this we obtain ∆ neff ∼ 1.1 · 10−4 , κ = 2.2 · 10−4 µm− 1 and r ∼ 18%. Based on a
sinusoidal modulation index profile of length L, we can also obtain an estimate of the
width of the resonance, from the grating bandwidth
m∆neff
∆λ = λ
neff

r

1+

2neff d
,
m∆neff L

(6.1)

where neff is the effective index, ∆neff is the index perturbation, L is the length
of the grating, and m is the fringe visibility of the index perturbation [121]. Using
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the results from the two-dimensional mode solver given above, we expect the spectral
width of the Bragg resonance to be ∆λ ∼ 0.8nm. The grating reflectivity, given
above, will be too low for a practical device, and, for a 13mm long grating with reflectivity of 99%, the 0.1 nm bandwidth would be too small for many applications.
Nevertheless, this simple design serves our purpose here to demonstrate the concept
experimentally. As we discuss below, the grating performance can be dramatically
improved by fabricating this device in a high index contrast waveguide platform such
as a SOI platform. In Fig. 6.2(a) we show the measured transmission spectrum of the
device with a grating optically written to be resonant near 1566 nm. The grating of
period d = 536 nm, confirmed by measuring diffraction angles with a HeNe laser, was
expected to yield a first-order Bragg reflection at λBragg = 2neff d near 1566 nm. In
Fig. 6.2(b) we show the spectrum after thermal erasure of this grating by heating the
block for 2 min at 140 ◦ C, slightly above the azopolymer glass transition temperature.
In Fig. 6.2(c) we show the subsequent optical writing of a completely new grating,
resonant near 1530 nm. This write-erase-write procedure can be repeated extensively
and, importantly, arbitrary changes in grating characteristics such as periodicity and
chirp are possible. We note that the insertion loss of the device in the absence of the
grating is approximately 4 dB. This is attributed to light leaking from the fiber core
into the higher index azopolymer over-cladding, as discussed above. We also observed
that the measured width of the Bragg resonance in transmission (∼5 nm FWHM)
is substantially larger than that calculated by the coupled mode theory (∼0.8 nm
FWHM). This is due to the geometry of the side-polished fiber block wherein the
fiber curves away from the surface of the block, which not only shortens the effective grating length, but also allows the surface grating to couple light into unguided

CHAPTER 6. REWRITABLE AZOPOLYMER GRATINGS

165

Figure 6.2: Demonstration of an optically reconfigurable Bragg filter in a side-polished
fiber block: a) Device transmission spectrum for an optically written grating for first
order Bragg resonance at 1566 nm; b) Device spectrum after a 2 min. thermal erasure
at 140◦ C; c) Device spectrum for a new grating optically written for Bragg resonance
at 1530 nm.
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radiation modes for wavelengths close to the resonance. This was substantiated by
measurements of the Bragg reflection into the fiber core alone, where the expected
resonance width was indeed observed. Furthermore, scattered light could be directly
observed at wavelengths near resonance with an IR camera, as also discussed elsewhere [122]. The optically reconfigurable azopolymer grating concept that we have
demonstrated in this simple side-polished fiber block geometry can be advantageously
transferred to planar waveguide technology to make a practical reconfigurable waveguide grating filter. We suggest that it is particularly attractive to implement this
concept in a SOI waveguide platform. In a SOI platform, large contrast between the
refractive indices of the waveguide core (single crystal silicon, n ∼ 3.5) and cladding
(typically SiO2 , n ∼ 1.5) results in high mode confinement in the silicon core and
a strong evanescent field in the cladding in close proximity to the core. The guided
mode effective index becomes increasingly sensitive to both the cladding index and
the thickness when the waveguide core size is reduced to sub-micrometer dimensions.
This effect can be exploited to make efficient, compact waveguide elements based
on mode interaction with the cladding, including one with grating structures. As
we show here by FDTD simulation, an azopolymer cladding grating deposited on a
thin SOI waveguide can provide efficient wavelength filtering for grating lengths as
short as 100 µm. The structure analyzed here is a 100 µm long first-order surface
Bragg grating of period 300 nm and full depth modulation in azopolymer cladding.
The polymer of 1.63 refractive index was deposited as a 0.2 µm thick layer on top of
a single-mode ridge waveguide formed in a SOI waveguide having a 0.3µm Si layer
(waveguide core). The results from the FDTD simulation are presented in Fig. 6.3,
including the reflection and transmission spectra of the device as well as the principal
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Figure 6.3: High efficiency of an optically reconfigurable azo-polymer cladding grating on an SOI waveguide. Reflection (triangles) and transmission (squares) grating
spectra were calculated via FDTD simulation (2D). A fully modulated surface grating of period 0.3 µm and length 100 µm in an azo-polymer cladding layer of 0.2 µm
thickness and refractive index 1.63 were assumed. A 0.3 µm Si core thickness of the
SOI waveguide and a bottom oxide cladding thickness of 0.3 µm were assumed. The
calculated grating FWHM is 7 nm. The insets show TM mode evolution for wavelengths near Bragg resonance (1515 nm) and off Bragg resonance (1505 nm). The
propagation length shown in the insets is 100 µm.
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electric field component evolution at the first-order Bragg resonance (1515 nm) and
at a detuned wavelength (1505 nm). The grating has a resonance of ∼ 7 nm FWHM
and a peak transmission of 97.5%, corresponding to a loss of 0.11 dB that is due
to scattering losses of the grating. We believe that such compact, optically reconfigurable gratings will be relevant to various integrated optics applications including
wavelength filtering and coarse wavelength division multiplexing in reconfigurable optical interconnects.

In summary, we have demonstrated an optically reconfigurable polymer Bragg grating concept. This was based on optically writable and thermally erasable surface
relief gratings in thin azopolymer films. Importantly, arbitrary changes in grating
characteristics can be achieved between one write-erase cycle and the next. Our results suggest that azopolymer based, erasable relief or birefringence gratings can be
relevant to applications in next-generation reconfigurable optical waveguide devices.

Chapter 7
Conclusion
FWM Nonlinear optical spectroscopic techniques such as those investigated in Chapter 2 provide a very general tool for the study of vibrational dynamics in the gas
phase. However, for larger molecules in the condensed phase, the collected spectra
are often complicated by emission due to multiple polarization modes. In these cases,
experiments can be more carefully designed to isolate single modes or, if there is
knowledge of the system Hamiltonian, the dynamics can be deconstructed via modeling. For these cases, ultrafast transient absorption is better suited, due to its intrinsic
simplicity and broad spectral probing range.

A major part of this thesis was dedicated to taking the first steps towards an entirely
new way of initiating dynamics that can be studied with pump-probe techniques.
With a few well known exceptions found in photosynthesis and the vision process, the
function of most bio-molecules is not connected with their photochemistry. Instead,
it is intimately tied to their structural changes. This was the subject of Chapter 4,
where azobenzene was incorporated as a photo trigger in small sections of DNA, in an
169
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effort to study photo triggered base pair destacking dynamics and DNA melting. The
azobenzene unit intercalates between the base pairs of the DNA in its trans isomer,
and actually stabilizes the DNA by π-stacking. Upon photo isomerization it breaks
the overlap and the DNA is destabilized. At low temperature, where the structure is
quite stable, this may not lead to much disruption, but if the temperature is chosen
just below the melting point of the trans azo-DNA, the isomerization of the photo
trigger can result in large scale base-pair destacking and even DNA melting. We
decided to probe the base destacking dynamics and melting through the transient
absorption spectrum of the azobenzene unit. This approach was previously used successfully by Zinth et al. for the study of folding dynamics of cyclic polypeptides. The
thought was that the surroundings and neighboring base-pairs would act back on the
azobenzene unit, and thereby modify the transient absorption spectrum. Comparing
transient absorption data for the single strand azo-oligo and the trans double strand
azo-DNA should show some differences. Unfortunately the experiments forced the
conclusion that the molecule did not behave as expected. While the azobenzene unit
does indeed perform its role as a photo trigger, it does not probe the local structural
changes well. In an attempt to understand the behavior better, we model the single
strand azo-oligo using MD simulation, and plan to include a fluorescence marker in
the azo-DNA to facilitate probing.

These first experimental efforts in the field of photo-triggered molecular dynamics
open a new research area for time-resolved spectroscopy, using small photo-trigger
molecules to induce structural change in larger molecular systems. Not only would
it be possible to study DNA, providing important experimental data for DNA, base
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destacking dynamics, bubble formation, and melting theory studies, but the same
technique could be applied to any smaller bio-molecule where the function is closely
connected with molecular structural rearrangement.
The very nature of life is determined by the dynamics of the molecules that support
our biological processes. Most of these molecules are not easily probed via traditional
optical means. By attaching photo-triggers that initiate structural changes in the
parent molecule we can hope to understand these critical optically cloaked processes.
If we can overcome the challenge of matching suitable photo-triggers to hosts, this
technique could open the door into understand the dynamics of a broad new class of
bio-molecules that underpin life.

Appendix A
An Analytical Model for CARS
In this section we derive analytical formulas for the CARS process using standard
time-dependent perturbation theory for the density matrix [15]. Atomic units are
used throughout. Following the notations of Ref. [26], we consider the Hamiltonian
of a molecule Ĥmol with two electronic states, g and e:
b mol =
H

X
l

|glihgl|ωgl +

X
n

|enihen|ωen

(A.1)

We describe the coupling to the laser field in the rotating wave approximation:
V̂ = −b
µ+ E(t) − µ
b− E ∗ (t)
µ
b+ =

µ
b− =

X
ln

X
ln

(A.2)

|enihgl|µnl

(A.3)

|glihen|µln

(A.4)

Here n,l indicate the adiabatic rovibrational eigenstates, µnl = hen|b
µ|gli. The laser
field E(t) in Eq. (A.2) is specified as follows:
E = E1 (t) + E2 (t) + E3 (t)
2 /2σ 2

Ei (t) = E0 e−(t−ti )
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(A.5)
(A.6)
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where i = 1 describes the pump pulse, i = 2 describes the Stokes pulse, and i = 3
√
describes the second pump pulse, σ =FWHMt /2 ln 2, FWHMt is the full width at
half maximum of the pulse intensity.
The perturbation theory for the density operator yields:
iρ̇′

(q)

= [V̂ ′ , ρ′(q−1) ]

(A.7)

Here the density operator ρ′ (t) and the operator of the interaction with the laser field
are written in the interaction representation:
ρ̂′ (t) = eiĤmol t ρ̂e−iĤmol t

(A.8)

V̂ ′ (t) = eiĤmol t V̂ e−iĤmol t

(A.9)

Within this approach the induced dipole moment describing the q-th order polarization can be written as:
hdα (t)i

(q)

q

=i

Z

dt1 ...

Z

dtq θ(t − t1 )...θ(t − tq )

×Sp{ρ[...[V ′ (t), V ′ (t1 )], ..., V ′ (tq )]}

(A.10)

where ρ is the unperturbed density operator. The function θ(t)
θ(t) = e−γt , (t > 0)

(A.11)

θ(t) = 0, (t < 0)

(A.12)

is introduced to take into account the casuality and inevitable damping γ due to the
reasons discussed above.
The CARS process is driven by the third order polarization induced in the medium
P (3) = Nhdi(3) , where N is density of molecules in the medium. For hdi(3) the triple
commutator in Eq.(A.10) gives rise to eight terms corresponding to eight diagrams

APPENDIX A. AN ANALYTICAL MODEL FOR CARS

174

described in detail in Ref. [26] (see Figure 3 of Ref. [26]). In our case, when the
pump pulse does not overlap with the Stokes/pump pulse pair, only diagrams A, B
and C, D, E shown in Fig. 2.1 survive. In the following we show the corresponding
contributions of induced dipoles obtained using Eq. A.10 with q = 3. We will not
consider rotational degrees of freedom and for convenience omit the electronic indices
g, e for the frequencies and matrix elements. Therefore, it is useful to keep in mind
that l, k numerate vibrational states on the X-surface and m, n numerate vibrational
states on the B-surface.
The negative delay times, when the first pump pulse arrives before the Stokes/pump
pulse pair (excited-state CARS) correspond to diagram A. Consequently, one obtains
for dA (t, τ ):
dA (t, τ ) = 2πi
×

Z

X

ρll e−iωnl τ eiωln t µ(l, m, n, k)E1(ωnl )

l,m,n,k
′

′′

E2 (ω ′)E3 (ω ′′ )ei(ω −ω )t
dω dω
+ c.c.
(ω ′ + ωkn − iγ)(ω ′ + ωmn − ω ′′ − iγ)
′

′′

(A.13)

Here τ is a delay time between the arrival of the pump pulse and Stokes/pump pulse
pair, ωij = ωi − ωj and µ(l, m, n, k) ≡ µlm µnl µkn µmk . The sum over l accounts for the
fact that several vibrational states in the ground electronic surface can be initially
incoherently populated. The corresponding weight of these states is given by the
diagonal elements of the equilibrium density matrix determined from the Boltzmann
distribution (see below).
E1 (ω), E2 (ω) and E3 (ω) represent the Fourier transforms of the laser pulses specified
in Eq. (A.6). In deriving Eq.(A.13) we assumed that the pump pulse does not overlap
with the Stokes/pump pulse pair and extended the upper limit of the corresponding
time-integral up to infinity. This explains the appearance of the pump pulse Fourier
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components E1 (ωnl ) at the frequencies of the corresponding transitions ωnl . The
emission spectrum is calculated by performing the Fourier transform over t:
1
d (ω, τ ) =
2π
A

Z

dtdA (t, τ )eiωt

(A.14)

and yields
dA (ω, τ ) = 2πi
×

Z

dω ′

X

ρll e−iωnl τ µ(l, m, n, k)E1 (ωnl )

l,m,n,k
E2 (ω ′ )E3 (ωln

+ ω ′ + ω)
+ c.c.
(ω ′ + ωkn − iγ)(ωml − ω − iγ)

(A.15)

The integral over ω ′ in Eq. A.15 describes both resonant and non-resonant populations
of the intermediate level k, leading to the real populations in m. The phenomenological dampening factor γ reflects phase decoherence (transverse relaxation). The
relaxation of population (longitudinal relaxation) is negligible and is not considered
here.
Analogously, one obtains for dB (ω, τ ) corresponding to the diagram B:
dB (ω, τ ) = −2πi
×

Z

X

ρll e−iωnl τ µ(l, m, n, k)E1(ωnl )

l,m,n,k
′
E2 (ω )E3 (ω ′ + ω − ωnl )
dω ′
(ωml − ω ′ + iγ)(ω + ωkn +

iγ)

+ c.c.

(A.16)

This expression is valid for both positive and negative delay times: diagrams B and E
yield equivalent results dB (ω, τ ) = dE (ω, −τ ). However, this does not mean that the
resulting dynamics will be the same: the phase factors for d(B) and d(E) have opposite
signs.
The positive delay times (ground-state CARS), when the pump/Stokes pulse pair
arrives before the second pump pulse, the dipole moment corresponding to diagram
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C, dC (ω, τ ), is given by:
dC (ω, τ ) = 2πi
×

Z

X

ρll ei(ωlk +ω)τ µ(l, m, n, k)E3(ωlk + ω)

l,m,n,k

dω ′

E2 (ωlk + ω ′ )E1 (ω ′)
+ c.c.
(ω ′ − ωnl + iγ)(ωml − ω − iγ)

(A.17)

In a similar fashion, the dipole moment, dD (ω, τ ) , corresponding to diagram D can
be found:
dD (ω, τ ) = −4π 2 i
×

X

ρkk µ(k, l, m, n)

l,m,n,k

E1 (ωmk )E2 (ωnk )E3 (ωnm + ω) i(ωnm +ω)τ
e
+ c.c.
(ω + ωlm + iγ)

(A.18)

In deriving Eq. A.18 we assumed that the pump/Stokes pulse pair does not overlap
with the delayed pump pulse and extended the upper limit of the corresponding time
integral to infinity. This explains the appearance of the pump and Stokes pulse Fourier
components E1 (ωmk ) and E2 (ωnk ) at the frequencies ωmk and ωnk of the corresponding
transitions. This diagram probes excited state dynamics.
To calculate transition frequencies and matrix elements in Eqs.(A.15,A.17,A.16)
we used electronic potential surfaces from [37], and transition dipole moments from
Tellinghuisen et al. [123]. We consider a 540nm (ω1 =0.0843 au) pump pulse and
565nm (ω2 =0.0806 au) Stokes pulse. The pump pulse excites B←X transition in
Iodine: B(28) − X(0) = 0.0848 au. The detuning between the pulses (Ω=0.0037 au)
corresponds to the energy difference between X(4) = 0.004 au and X(0) = 0.0005 au
levels in iodine. For the analytical calculations we use the Fourier images of the pulse
envelopes in frequency domain:
Ei (ω) = F [Ei (t)] =

√

2 σ 2 /2

2πσE0 e−(ω−ωi )

(A.19)
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For FWHMt = 20fs, FWHMw = 0.0034au and therefore the pump pulse can excite
9 vibrational states within the FWHMω of the pulse bandwidth: B(33) − B(24) =
0.0034. The same bandwidth was chosen for the Stokes pulse. In our calculations, we
considered 40 vibrational levels in the X-state and 54 vibrational levels in the B-state.
For the temperature chosen in the experiment (360K corresponding to 0.03eV and
0.001au) 3 vibrational states in the X-state were initially populated according to the
Boltzmann distribution ρll = βe−βEl , β=1000 au. We set the phase relaxation width
to γ = 3 × 10−5 a.u., which corresponds to the decoherence time of 1.6 ps and mimics
the experimental signal decay due to the rotational anisotropy.
To speed up the calculation of the two-photon transition matrix element, we use
the pole approximation [55] that leads to the following expression for the diagram A:
2
dA
r (ω, τ ) = −2π

×

X

ρll e−iωnl τ µ(l, m, n, k)E1 (ωnl )

l,m,n,k

E2 (ωnk )E3 (ωlk + ω)
+ c.c.
(ωml − ω − iγ)

(A.20)

for diagram C:
2
dC
r (ω, τ ) = 2π

X

ρll ei(ωlk +ω)τ µ(l, m, n, k)

l,m,n,k

E2(ωnk )E1 (ωnl )
+ c.c.
×E3 (ωlk + ω)
(ωml − ω − iγ)

(A.21)

and diagram B (the same is valid for diagram E, since dB (ω, τ ) = dE (ω, −τ )):
2
dB
r (ω, τ ) = −2π

×

X

ρll e−iωnl τ µ(l, m, n, k)E1 (ωnl )

l,m,n,k

E2 (ωml )E3 (ωmn + ω)
+ c.c.
(ω + ωkn + iγ)

(A.22)

The plots of signal spectrum at a specific time delay for the two contributing diagrams,
shown in Fig. 2.12, and the plots of signal strength at a specific wavelength as a
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function of delay time, shown in Fig. 2.13 and Fig. 2.14, were based on Eq. A.20 for
signals diagram A and on Eq. A.22 for the signals from diagram B.

Appendix B
Experimental Tricks
The non-collinear geometry used in the CARS experiments is known as a foldedBOXCARS setup. Here, each of the three incoming laser beams are focused into
the sample from the corner of a square. This geometry has two desirable properties.
Since the direction of the CARS signal is determined by phase matching, it can easily
be separated from the incoming beams, making the technique background free. The
phase matching also restrains the diagrams or matrix elements to those with the
interactions, 2kP − kS , i.e. involving absorption of two pump photons and emission
of one Stokes photon.
Overlapping the three incoming beams in space and time at the sample can sometimes be challenging. The normal procedure of overlapping individual beams in a
nonlinear crystal, such as β-BBO, while looking for a sum-frequency signal (SFG),
or simply in a microscope glass cover slide generating self diffraction should work.
The generated CARS signal from, e.g., the glass cover slide, which is a purely nonresonant electronic response, even proved very useful for the signal alignment into
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the imaging spectrometer used for detection. This alignment technique would, however, very rarely result in a signal from the sample cell. The different refraction by
the windows of the three incoming beams was apparently enough to spoil the spatial
overlap. Using a small piece of microscope cover slide, mounted on a glass plug for
the quartz cell, overlap of the beams in the cell was achieved. When introducing the
sample, this plug was simply removed, and replaced with the sample reservoir, taking
care not to move the cell. The sample cell was then pumped down to a few Torr,
sealed, and heated to achieve the desired sample pressure.
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