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Abstract

Femtosecond pulse shaping is a versatile tool that enables the generation of ultrashort
laser pulses with nearly arbitrary temporal shapes. Among others, the technique is of use
in ultrafast spectroscopy experiments where it can be employed for dispersion control and
the generation of well-defined laser pulse sequences.
In this work, a Fourier-transform pulse shaper based on a pixelated liquid crystal spatial

light modulator (LC-SLM) was implemented and calibrated. The pulse shaper is designed
for phase and amplitude shaping of femtosecond laser pulses in the visible and near-
infrared spectral range. A distinctive feature of the setup is the use of a prism to spatially
separate the spectral components of the input pulses.
For accurate pulse shaping a careful calibration of the setup is required. Procedures

for determining the pixel-to-wavelength and the wavelength dependent voltage-to-phase
mapping of the LC-SLM were implemented. The phase is retrieved from the measured
intensity modulation behaviour of the pulse shaper using an iterative optimisation algo-
rithm. Estimates for the limitations of the pulse shaper were derived from a theoretical
analysis of the wavelength calibration results.
To validate the calibration results, the pulse shaper was used to arbitrarily shape the

spectral amplitude of near-infrared laser pulses. Within the limitations of the pulse shaper,
good agreement between measured and desired spectral shape was found, confirming the
validity of the calibration procedure.
To verify the phase shaping capabilities of the pulse shaper, it was used in combination

with a prism compressor to compensate for material dispersion introduced by the dis-
persive prism in the setup. Dispersion compensation could be successfully demonstrated,
albeit bandwidth-limited pulse durations were not achieved.
This work provides a platform for pulse-shaper-assisted ultrafast spectroscopy experi-

ments.
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1. Introduction

1.1. Motivation
In 1966, six years after the advent of the laser, the generation of laser pulses with temporal
duration on the picosecond scale was reported for the first time by DeMaria et al. [1]. In
the following decades, continuous research efforts in the field of laser technology lead to
shorter and shorter pulse durations, and today, laser pulses spanning only a few optical
cycles are available in various spectral regions [2, 3, 4]. These technical advances paved
the way for the development of ultrafast1 time-resolved spectroscopy techniques such
as transient absorption (TA), or pump-probe, spectroscopy which is nowadays routinely
employed to investigate dynamic processes triggered by photoexcitation with femtosecond
time resolution. The technique has a vast variety of applications, including among others
materials science [5] as well as the study of chemical reactions [6] and biological systems
[7]. In a generic TA experiment the dynamics of the system under study are investigated
in a stroboscope-like manner using two laser pulses (a pump and a probe pulse) with
scannable inter-pulse delay. Due to fundamental properties of ultrashort laser pulses, the
method suffers from a loss of spectral selectivity for increasingly high temporal resolutions.
In the case of systems with a multitude of energy levels in the spectral range of interest,
this can lead to congested spectra with overlapping signals that are difficult to disentangle.
In the visible and near-infrared spectral range, these difficulties can be overcome by

two-dimensional electronic spectroscopy [8, 9] which simultaneously offers high spectral
and temporal resolution. As opposed to a one-dimensional spectrum where the response
of a system is mapped to a single frequency-axis, a two-dimensional (2D) spectrum is
a function of two frequencies. In short, it contains information about how excitation at
one frequency affects the system’s response at another (detection) frequency. A schematic
spectrum of a simple model system is shown in figure 1.1. In addition to high resolution in
both energy and time, 2D spectra have a rich information content that cannot be directly
accessed by conventional TA measurements. First, the 2D line shapes give insight into
both homogeneous and inhomogeneous broadening and provide a means to access excita-
tion dephasing times [10]. Second, cross-peaks which appear at off-diagonal positions in
the spectra provide direct evidence for correlations and/or energy transfer between differ-
ent energy levels [11]. Exploiting these features, 2D electronic spectroscopy has been used
extensively to study energy transport and quantum coherences in photosynthesis [12, 13]
and for the study of many-body effects in semiconductor nano-structures [14, 15].
In a typical 2D spectroscopy experiment [16], the sample interacts with a sequence of

three laser pulses with variable inter-pulse delays. This results in an optical signal which is
fully characterised with respect to amplitude and phase via heterodyne detection, and used
later to construct the 2D spectrum. Due to the all-optical character of the method, the
attainable spatial resolution is limited to half the excitation wavelength as a consequence
of the optical diffraction limit, and 2D spectra therefore represent ensemble averages.

1Ultrafast sectroscopy techniques make use of ultrashort laser pulses, that is, laser pulses shorter than
tens of picoseconds, to study dynamics on short time scales (femtoseconds to picoseconds).
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CHAPTER 1. INTRODUCTION

However, detection of the optical signal field is not necessarily required. In fact, 2D
spectra can be derived from non-coherent signals such as photocurrent [15], fluorescence
[17] or photoelectrons [18] that are recorded following the interaction of the sample with
the laser pulse sequence. Photoelectrons can be utilized to measure 2D spectra at different
locations in a sample with a spatial resolution beyond the optical diffraction limit (referred
to as coherent 2D nanoscopy [19]).

Figure 1.1.: (a): Schematic 2D spectrum (real part) of a simple three-level system. A cut
along the diagonal of the spectrum corresponds to the linear absoprtion spectrum of the system
featuring two absorption bands. Off-diagonal cross peaks indicate correlations between energy
levels. In this example, cross-peaks occur because there are two allowed transitions sharing the
same ground state. (b): Basic principle of coherent 2D nanoscopy. The sample is excited by a
four-pulse sequence (shown on top) with variable delays and relative phases. Four pulses are used
for excitation because the method relies on non-optical detection. The size of the illuminated
area has a lower bound due to the optical diffraction limit. Locally generated photoelectrons
are detected with high spatial resolution using PEEM. Figure adapted from [19].

One approach which has been demonstrated in 2011 by Aeschlimann et al. [19] is based
on the wide-field detection of photoelectrons using photoemission electron microscopy
(PEEM). The basic principle of their method is illustrated in figure 1.1. In short, an
optical field consisting of four collinear sub-pulses with controllable delays and relative
phases is used to excite the sample. Subsequently, the final state of the sample is probed
by detecting locally generated photoelectrons using PEEM. 2D spectra for each spatial
location are derived from the local photoelectron-yield as a function of inter-pulse delays
and phases. The key point is that photoelectrons can be detected with nanometer spatial
resolution due to the small wavelength of electrons [19]. Using this approach, Aeschlimann
et al. studied the spatially varying dephasing times of localized plasmon-modes on a cor-
rugated silver surface with 50 nm resolution [19]. Beyond that, their approach opens up
possibilities to investigate ultrafast coherent phenomena and electronic couplings in indi-
vidual nano-objects such as metal or semiconductor nano-structures, molecular aggregates
or even single molecules. These studies can be of great relevance for the understanding
of fundamental processes on the nanometer spatial and femtosecond time scale, and they
are envisioned to play a role in the design of new technologies, for example in the fields
of energy harvesting and functional materials [20]
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CHAPTER 1. INTRODUCTION

Coherent two-dimensional nanoscopy experiments put high requirements on the laser
system. First, the generation of four-pulse sequences with precise control over the inter-
pulse delays is required. Furthermore, control over the relative phases of the pulses is
necessary because the signal is extracted using phase-cycling techniques originally devel-
oped in the context of pulsed NMR spectroscopy [21]. Last, in order to optimise the
time resolution of the experiment it is desirable to compress the pulses to the greatest
possible extent by compensating for material dispersion in the laser setup. This list of
requirements can be met by using Fourier transform pulse shaping [22, 23] - a technique
which enables the synthesis of nearly arbitrary temporal waveforms by manipulating in-
put pulses in the frequency domain. In particular, pulse shaping based on liquid crystal
spatial modulators as pioneered by Weiner and co-workers in the early nineties [24, 25]
has emerged as a widely used tool for shaping of broadband laser pulses. Among other
things, the technique is well-suited for dispersion control and the generation of controllable
four-pulse sequences for coherent two-dimensional nanoscopy experiments.

1.2. Outline
In this work, a Fourier-transform pulse shaper intended for dispersion compensation and
pulse sequence generation for coherent two-dimensional nanoscopy experiments has been
implemented and calibrated. The pulse shaper is based on a liquid crystal spatial light
modulator, and it is designed for phase and amplitude shaping of femtosecond laser pulses
in the visible and near-infrared spectral range. A brief overview on characteristics of
femtosecond laser pulses and a short introduction to Fourier transform pulse shaping are
given in chapter 2.
To enable accurate shaping of broadband laser pulses, the pulse shaper needs to be

calibrated carefully. The design, implementation and validation of a calibration protocol
was the centrepiece of the present work. A detailed description of the experimental setup
and the calibration procedure is given in chapter 3.
To validate the implemented calibration protocol, calibration results were discussed with

regard to consistency and the phase calibration procedure was compared to a standard
method described in the literature with respect to data quality and robustness. Addition-
ally, amplitude shaping experiments were carried out where the pulse shaper was used
to arbitrarily modulate the spectral amplitude of visible and near-infrared femtosecond
pulses. The phase shaping capabilities of the pulse shaper were verified by compensating
for phase distortions introduced by strongly dispersive material in the beam path. The
outcomes of these investigations are presented and discussed in chapter 4.
Finally, chapter 5 gives a summary of the main findings and discusses possible applica-

tions and further development of this work.

3



2. Background
This chapter briefly discusses the theoretical foundations of the present work. To begin
with, section 2.1 reviews the most relevant properties of femtosecond laser pulses with
special attention given to the relation between spectral and temporal properties. This
sets the stage for a brief introduction to Fourier-transform pulse shaping in section 2.2.
Emphasis will be on pulse shaping using liquid crystal spatial light modulators since this
technique has been employed in the present work.

2.1. Properties of femtosecond laser pulses
Femtosecond laser pulses can be seen as the coherent superposition of many monochro-
matic waves with different frequencies. A complete description of a pulse can be given in
terms of its electric field E(r, t) which is a real-valued vectorial quantity with a spatial and
temporal dependence. In this section, however, the discussion will be restricted to linearly
polarized laser pulses whose electric field oscillates in a single plane. In addition, the field
will be considered at a fixed point in space. Under these assumptions, the laser pulse can
be described by a scalar field E(t), which greatly simplifies the discussion. Nevertheless,
the features of laser pulses which are most relevant for this work are still captured by
the description in terms of the scalar field E(t). If the pulse duration exceeds one optical
cycle, which is the case for the pulses used in this work, it is convenient to separate the
field E(t) into a temporal envelope A(t) and a rapidly oscillating carrier term:

E(t) = A(t) cos [φ(t)] = A(t) cos [ω0t+ φnonlin(t)] (2.1)

φ(t) is referred to as the temporal phase of the pulse. Often, it is separated into a linear
term ω0t, that corresponds to oscillations of the electric field at a centre frequency ω0,
and a nonlinear term φnonlin(t) which describes temporal variations of the pulse frequency.
An important quantity for characterising femtosecond laser pulses is the pulse duration
∆τ , which is commonly expressed in terms of the full width at half maximum (FWHM)
of the temporal intensity I(t) = |A(t)|2.
In the visible and near-infrared spectral range, the electric field oscillates with a fre-

quency at the order of hundreds of THz, and it is therefore impossible to access E(t)
directly with present-day’s electronics. Often, a spectral representation of the electric
field is thus more convenient. Since E(t) is real-valued, its Fourier transform E(ω) satis-
fies E(ω) = E∗(−ω), and it can therefore be expressed as

E(ω) = E+(ω) + (E+(−ω))∗ with E+(ω) =

E(ω) if ω ≥ 0
0 if ω < 0

(2.2)

Here, the asterisk denotes the complex conjugate. The complex function E+(ω), which
takes non-zero values only for positive frequencies, contains all information about the
temporal pulse shape E(t). Commonly, E+(ω) is expressed in terms of the spectral

4



CHAPTER 2. BACKGROUND

amplitude A(ω) and the spectral phase φ(ω):

E+(ω) = A(ω)e−iφ(ω) (2.3)

Both the spectral amplitude A(ω) and phase φ(ω) determine the temporal shape E(t) of
the pulse, which is given by the real part of the inverse Fourier transform of E+(ω):

E(t) = 2<
{

1√
2π

∫
dω E+(ω)eiωt

}
(2.4)

An important quantity, which is related to the spectral phase φ(ω), is the group delay
τg(ω) = dφ(ω)/dω. It is defined as the local slope of the phase φ(ω), and, at a specific
frequency, it can be interpreted as the delay of a narrow-band pulse centred at that
frequency. The shortest possible pulse duration for a given amplitude A(ω) is achieved if
the group delay τg is constant across the whole laser spectrum, i.e., if dφ(ω)/dω = const.
In this case, the pulse is said to have a flat phase and to be transform limited [23]. Notably,
the temporal duration of a transform limited laser pulse is inversely proportional to its
spectral width.
If, on the other hand, the spectral phase varies nonlinearly with frequency, severe broad-

ening and distortions of the pulse in the temporal domain can occur [26]. Ultrashort laser
pulses are particularly sensitive to this due to their large spectral bandwidth. A common
source of nonlinear phase distortions is the dispersion of transparent material (e.g. glass)
in the beam path. The effect that propagation through a medium with refractive index
n(ω) has on an ultrashort laser pulse can be described in terms of the phase ψ(ω) which
the pulse accumulates upon propagation through the material:

ψ(ω) = ωn(ω)d
c0

. (2.5)

c0 is the speed of light in vacuum and d is the thickness of the material. To further
analyse the influence off the spectral phase on the temporal pulse shape, it is convenient
to express ψ(ω) in terms of a Taylor series around the centre frequency ω0 of the pulse:

ψ(ω) = ψ0 + ψ1(ω − ω0) + ψ2

2 (ω − ω0)2 + ...+ ψn
n! (ω − ω0)n. (2.6)

Here, ψn denotes the n-th derivative of the phase taken at the centre frequency:

ψn = dnψ(ω)
dωn

∣∣∣∣∣
ω=ω0

(2.7)

In most situations, only terms up to third order in the expansion 2.6 have to be retained
in order to accurately describe the phase accumulated by femtosecond pulses after trans-
mission through bulk material [26]. The link between the expansion coefficients ψn and
the refractive index n(λ) is discussed in detail in the appendix. The contributions to the
phase up to third order influence the laser pulse in a characteristic way. The constant
term, ψ0, is referred to as absolute phase or carrier-envelope phase. It determines the
offset of the electric field oscillations with respect to the pulse envelope. Its influence on
the electric field is illustrated in figure 2.1 which shows the field E(t) of an ultra short
laser pulse for two different values of ψ0. Evidently, the absolute phase has no influence
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CHAPTER 2. BACKGROUND

on the temporal shape of the pulse envelope.

Figure 2.1.: Time dependent electric field E(t) of ultrashort laser pulses with different carrier
envelope phases (left: ψ0 = 0, right: ψ0 = π/2). The center wavelength of the pulses is 750 nm
and the duration is 5 fs (FWHM).

The first order term, ψ1, leads to a constant group delay τg and thus simply corresponds
to a time shift of the pulse. Just as the carrier-envelope phase, the first order phase ψ1
does not influence the temporal shape of the pulse envelope.
The term ψ2 , or group delay dispersion (GDD), describes a quadratic variation of the

phase with frequency, which can drastically affect the characteristics and the temporal
shape of a femtosecond laser pulse. A quadratic variation of the phase with frequency
implies that the group delay τg = dψ(ω)/dω varies linearly with frequency. As a result, the
spectral components of the laser pulse experience different delays, leading to a temporal
broadening of the laser pulse. In the temporal domain, a 2nd order phase results in a
linear variation of the instantaneous frequency ω(t) = dφ(t)/dt, which is defined as the
time derivative of the temporal phase φ(t). The pulse is then said to be chirped linearly.
In some situations, chirp is purposefully introduced, for example to study light-matter
interaction [27, 28] or to achieve high peak powers in chirped-pulse amplification schemes
[29]. In ultrafast spectroscopy experiments, on the other hand, chirp is often compensated
for to the greatest possible extent to avoid deterioration of the temporal resolution. In
the visible and the near-infrared spectral range, most materials show normal dispersion
behaviour [26], i.e., the introduced group delay increases with frequency. This results
in chirped pulses with the red components in the leading part and the blue frequency
components in the trailing part of the pulse.
A purely cubic phase, given by the third order term with coefficient ψ3, leads to a

series of pre or post pulses in the temporal domain (depending on the sign of ψ3). In
addition, the main pulse experiences temporal broadening, albeit not as pronounced as
broadening due to chirp. To illustrate these relations between spectral phase and temporal
pulse shape, figure 2.2 shows the spectral and corresponding temporal representation of
different pulses.
Temporal pulse broadening after propagation through bulk material is dominated by the

GDD. As mentioned above, ultra-short laser pulses are especially sensitive to dispersion
due to the large spectral content. As an example, a transform limited pulse centred at
600 nm with an initial duration of ∆τ = 10 fs will have a duration of about 190 fs after
propagating through 10 mm of BK-7 glass which is commonly used in optical components.
For a 100 fs long (transform limited) pulse, on the other hand, the same dispersion leads
to a final pulse duration of 102 fs, corresponding to an increase of only 2 %. This example
illustrates the importance of dispersion compensation when working with ultra-short laser

6



CHAPTER 2. BACKGROUND

Figure 2.2.: Spectral phase and amplitude (left column), temporal intensity (middle column)
and spectrograms (right column) of different pulse shapes. The spectrogram is given by the
time-gated power spectrum of the electric field. The following pulses are shown: A transform
limited pulse (a-c), a positively chirped pulse (d-f), a pulse with a cubic phase (g-i) and a two-
pulse sequence (j-l). The pulses shown in panels (a) to (i) have the same spectral amplitude
(centred at 500 THz / 600 nm). The gate functions used for calculating the spectrograms was a
Gaussian with the same temporal width as the transform limited pulse (6.2 fs). Figure adapted
from [23].

pulses. The GDD introduced by material dispersion can be compensated for using for
example pairs of prisms [30], pairs of diffraction gratings [31] or dispersive mirrors such
as chirped mirrors [32] or double-chirped mirrors [33]. These components are routinely
used in ultrafast optics setups. However, each of these components alone is not suitable
for compensating 2nd and higher order phase contributions simultaneously. In addition,
changes in the experimental setup require time-consuming realignment. Fourier transform

7



CHAPTER 2. BACKGROUND

pulse shaping, on the other hand, is a flexible tool for dispersion control that allows for
fast reconfiguration and compensation of 2nd and higher order phases at the same time
[34].

2.2. Fourier transform pulse shaping

2.2.1. General aspects
Pulse shaping, i.e., the synthesis of pulses with specific pulse shapes from a given input
pulse, is a widely used technique with applications such as pulse compression and disper-
sion control [34, 35], coherent control of quantum systems [36, 37], bioimaging [38, 39] and
multidimensional spectroscopy [19, 40]. Depending on the pulse shaper in use, shaping of
spectral phase [25], spectral phase and amplitude [41] or polarization [42] is possible. In
this section, the generation of temporal pulse shapes using phase or phase and amplitude
shaping will be discussed.
In Fourier transform pulse shaping, the desired waveform Eout(t) is generated by oper-

ating on the input pulse in the frequency domain. To this end, the spectral components of
the input pulse are separated and manipulated individually by adjusting the component’s
spectral phase and/or amplitude. Upon recombination, the Fourier components form the
shaped output pulse with the desired temporal profile.

Figure 2.3.: Block diagram representation of Fourier transform pulse shaping. Figure adapted
from [43]

In other words, Fourier transform pulse shaping is based on linear, time-invariant filter-
ing in the frequency domain [22], as schematically illustrated in figure 2.3. The action of
the pulse shaper on the input field E+

in(ω) is given by the complex-valued transfer function
H(ω) and the output field E+

out(ω) can be written as

E+
out(ω) = H(ω)E+

in(ω). (2.8)

By analogy with equation 2.3, the transfer function can be expressed as H = Ae−iφ where
A describes amplitude modulation and φ is the spectral phase introduced by the pulse
shaper. The output field in the time domain can be obtained by simply taking the inverse
Fourier transform of E+

out(ω):

Eout(t) = 2<
{

1√
2π

∫
dωH(ω)E+

in(ω)eiωt
}

(2.9)

Experimentally, equation 2.8 is implemented by separating the Fourier components of
the ingoing pulse spatially and using a spatial mask for manipulation of spectral phase
and amplitude. Subsequently, the spatially separated components are recombined and
form a shaped output pulse with a temporal profile according to equation 2.9.

8



CHAPTER 2. BACKGROUND

A schematic drawing of the setup most commonly used for Fourier transform pulse
shaping, the so-called 4f -line [23], is shown in figure 2.4. The spectral components of
the incident laser pulse are angularly dispersed by a grating (G) located in the focal
plane of a lens (L). The lens recollimates the dispersed input beam and focuses each
spectral component on a mask (M), or spatial light modulator (SLM), situated in the
rear focal plane of the lens. Here, phase and/or amplitude of the spectral components are
manipulated. After traversing the mask, a second lens (L) focuses the light onto another
grating (G) where the spectral components recombine.
Notably, the symmetry of the 4f -line allows for a folded implementation of the setup

where a folding mirror is placed in the centre focal plane of the assembly. This offers
the benefit of reduced size and a smaller number of optical components, which facilitates
alignment of the setup. In the folded configuration, the SLM is placed directly in front of
the folding mirror. The laser pulse thus traverses the SLM twice, thereby increasing the
modulation range of the pulse shaper. However, to maintain a good spectral resolution,
the mask must be placed within one Rayleigh length from the folding mirror to ensure that
the focal spot size at the mask is sufficiently small. This imposes additional constraints
on the setup.

Figure 2.4.: A 4f -line for Fourier transform pulse shaping consisting of two gratings (G), two
lenses (L) and a spatial mask (M). The spectral components of the ingoing pulse are spatially
separated by the first grating before being recollimated and focused onto the mask by the first
lens. After the mask, the spectral components are recombined. f is the focal length of the
lenses.

2.2.2. Pulse shaping using liquid crystal spatial light modulators
The most commonly used types of spatial masks are acousto-optical modulators and liq-
uid crystal spatial light modulators (LC-SLM) [23]. Both methods have been reviewed
extensively [22, 23]. Here, the focus will be on pulse shaping using liquid crystal modula-
tors, a technique which has been pioneered by Weiner and co-workers in the early 1990s
[24, 25].
Conceptually, pulse shapers based on LC-SLMs exploit the birefringence of nematic

liquid crystals, i.e., the fact that the effective refractive index for an electromagnetic
wave traversing the liquid crystal depends on the relative orientation of the liquid crystal
(LC) molecules in respect of the polarization and propagation axes of the light wave [24].
Thus, by controlling the orientation of the LC molecules with respect to incident light,
it is possible to adjust the effective refractive index. This, in turn, enables control of the
spectral phase which is accumulated by the light wave upon travelling through the LC

9



CHAPTER 2. BACKGROUND

(see equation 2.5). This is the basis of phase and amplitude shaping using liquid crystal
modulators.
The structure of a LC-SLM for phase shaping is depicted in figure 2.5. The SLM consists

of a nematic liquid crystal layer which is embedded between two glass slides. The LC
mask is subdivided into a linear array of pixels which can be controlled individually using
a driving voltage. It is applied via two transparent indium tin oxide (ITO) electrodes
which are deposited on the inner surface of the glass slides. The pixels are defined by
patterning of one ITO layer into stripe-shaped electrodes, with neighbouring pixels being
separated by thin gaps (typically a few µm) in the ITO layer.
Figure 2.5 also shows a sketch of a single LC pixel. When no voltage is applied, the

elongated, rod-shaped liquid crystal molecules align along a direction which is dictated
by surface patterning of the ITO layer (in this case the x-axis). Following [44], this zero-
voltage direction will from now on be referred to as the active axis of the LC mask. In
the case of a non-zero driving voltage, the molecules tilt toward the z-axis due to their
tendency to align with the electric field. This effectively changes the refractive index neff
for a light wave polarized along the active axis and traversing the pixel in z-direction
according to [45]

1
n2

eff
= cos2 θ

n2
o

+ sin2 θ

n2
e

. (2.10)

The angle θ describes the mean orientation of the LC molecules with respect to the z-axis
(compare figure 2.5). no and ne denote the ordinary and extraordinary refractive index
of the birefringent liquid crystal with ne > no [46]. Notably, the exact relation between
driving voltage and the angle θ is not known and has to be calibrated experimentally
(see section 3.2.3). It is apparent from equations 2.10 and 2.5 that the spectral phase of
a light wave after travelling through the pixel can be controlled via the driving voltage
by adjusting the orientation of the LC molecules. In this way, nearly arbitrary phase
patterns can be imprinted on the input laser pulse by applying the appropriate voltage
pattern to the LC-SLM.

Figure 2.5.: (a) Exploded view drawing of a single liquid crystal mask. The thin liquid crystal
layer is embedded between two glass slides. A driving voltage applied via transparent ITO
electrodes controls the orientation of the LC molecules. The LC mask is subdivided into several
pixels which are defined by gaps between the ITO electrodes. (b) Schematic diagram of a single
pixel within the LC display. In the case of no voltage, the LC molecules are aligned along the
pixel’s active axis which is defined by the surface structure of the ITO layer. A non-zero driving
voltage results in a tilt of the LC molecules toward the z-axis. θ denotes the angle between the
longitudinal axis of the LC molecules and the z-axis.
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Independent shaping of spectral phase and amplitude can be achieved by modifying
the arrangement described above [22] as depicted in figure 2.6. The setup now consists of
two liquid crystal masks located close behind one another. The active axes of the masks
are perpendicular to each other, and at angles +45◦ and −45◦ with respect to the x-axis.
In addition, polarisers are placed on either side of the dual LC mask.

Figure 2.6.: Schematic diagram of a setup for phase and amplitude modulation using a dual
LC-mask. Two LC-masks (only a single pixel is shown here) with perpendicular active axis are
placed one behind another. The entrance polariser ensures that the incident light is polarised
in x-direction, while the exit polariser blocks out the y-component of the field after the second
pixel. The sum of the phase shifts introduced by the LC pixels determines phase modulation,
while the difference governs amplitude modulation.

The entrance polariser ensures that the input pulse is linearly polarised in x-direction
before impinging on the LC mask. On a light wave polarized along the x-direction and
propagating along the z-axis, a single LC pixel acts like a programmable waveplate [23]:
The wave can be considered to be split into two partial waves which are polarized along
the active axis and perpendicular to it, respectively. Propagation through the LC pixel
introduces a phase shift ∆φ between the partial waves, which is given by

∆φ(ω, U) = (neff(ω, U)− no(ω))ωdLC

c0
(2.11)

Here, ω is the optical frequency of the light, dLC denotes the thickness of the LC layer and
U is the applied driving voltage. neff is the refractive index governing the propagation
of the partial wave polarized along the active axis, as discussed above. ∆φ takes its
maximum value at zero voltage and decreases monotonically towards higher voltages, as
is apparent from equation 2.10. After traversing both pixels and the exit polariser, the
output field is given by [22]

Eout = Ein cos
(

∆φ1 −∆φ2

2

)
exp

(
−i∆φ1 + ∆φ2

2

)
(2.12)

Ein denotes the amplitude of the input field after the entrance polariser, and ∆φ1 and
∆φ2 denote the phase shifts introduced by the first and the second pixel, respectively.
Equation 2.12 describes an output field that has been manipulated with respect to phase
and amplitude. The amplitude modulation is governed by the difference of the phase
shifts while the introduced spectral phase is determined by their sum. Sum and difference
of the phase shifts can be adjusted independently. The dual LC-mask in combination with
two polarisers thus allows for independent shaping of phase and amplitude. A detailed
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derivation of equation 2.12 based on Jones calculus is presented in the appendix.
In a 4f -line pulse shaper in a folded configuration, the light traverses the LC-SLM

twice. To take double-passing through the mask into account, equation 2.12 has to be
modified yielding

Eout = Ein cos (∆φ1 −∆φ2) exp (−i(∆φ1 + ∆φ2)) . (2.13)

2.2.3. Limitations
Pulse shaping based on LC modulators offers the possibility to synthesize nearly arbitrary
waveforms and the technique has been applied in a large variety of experiments. However,
accurate pulse shaping is only possible within the limitations of the device, which are
mainly due to the pixelation of the LC mask [47]. The subdivision of the LC displays into
discrete modulators implies that the pulse shaper can only produce a staircase-function-
like approximation to any smooth transfer function H(ω) [22]. To ensure that the desired
transfer function H(ω) is reasonably well approximated by the LC mask, the phase ∆φ
must vary sufficiently slowly with respect to pixel position. In other words, the pixel
load δφ, i.e., the phase difference between neighbouring pixels, must be sufficiently small.
More specifically, δφ should satisfy the relation [22]

|δφ| � π (2.14)

If the pixel load is comparable to, or greater than, π, the finite spatial extent of the spectral
components at the LC-SLM leads to destructive interference between neighbouring pixels.
As a consequence, spectral distortions and an overall decrease in pulse energy occur
[22, 34]. An experimental demonstration of this effect is given in e.g. in [34] and [41].
Furthermore, a theoretical analysis by Weiner et al. [25] shows that the pixelation gives
rise to attenuated and chirped replicas of the main pulse. These replica pulses occur
at times trep = n/δf , where δf is the frequency spacing between adjoining pixels and
n ∈ N. Experimentally, these temporal distortions can be countered by weak focusing
of the spectrally dispersed input beam onto the mask at the centre of the 4f -line. This
effectively results in an attenuation of the replica intensity at the cost of decreased spectral
resolution and increased interference effects between neighbouring pixels [22]. A good
compromise between spectral and temporal distortions can be achieved by choosing a
focal spot size slightly smaller than the pixel width [34].
In addition to pixelation effects, the working principle of the 4f -line inherently gives

rise to an effect referred to as spatio-temporal coupling [23]. As a consequence, shaping
of the temporal pulse intensity I(t) results in a change of the spatial properties of the
output pulse. A general result is that a programmed time delay of the output pulse leads
to a lateral shift of the spatial beam profile [48]. Changes in the overall shape of the
spatial beam profile induced by temporal shaping have been observed as well [49] . These
effects have to be taken into account in experiments that are sensitive to beam pointing
and spatial intensity distribution.
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3. Experimental Setup and Methods
In this work a Fourier transform pulse shaper in a folded 4f -configuration was imple-
mented. The device is intended to be employed in combination with an amplified, high-
repetition rate laser system (section 3.1) in ultrafast spectroscopy and nanoscopy exper-
iments. The pulse shaping setup (section 3.2.1) is based on an LC-SLM which needs to
be calibrated in order to perform controlled pulse shaping. First, the spatial dispersion
of the pulse shaper needs to be calibrated, i.e., for each SLM pixel the wavelength that
impinges on it must be determined (section 3.2.2). Second, the phase shift introduced by
the SLM pixels must be calibrated as a function of voltage and wavelength (section 3.2.3).
The temporal properties of the output pulses were characterised by means of intensity
autocorrelation measurements (section 3.3).

3.1. Laser system
The laser system used in the present work is based on an integrated diode-pumped laser
system (PHAROS, Light Conversion) delivering pulses with a duration of ∼ 170 fs centred
at 1028 nm. At full repetition rate (200 kHz), the average output power is 6 W.
The pulses provided by the PHAROS system are used to pump two non-collinear optical

parametric amplifiers [50] (NOPAs). In each NOPA, a portion of the input pulse is used
for continuum generation in a sapphire crystal [51], yielding a weak pulse featuring a broad
and continuous spectrum. A part of this pulse is then amplified using difference frequency
generation [52] in a nonlinear β-barium-borate (BBO) crystal. The amplification process
is pumped by the 2nd or 3rd harmonic of the fundamental.
By adjusting temporal pulse-overlap and phase-matching conditions in the BBO crystal,

amplified broadband pulses with centre wavelengths in the range from 470 nm to 950 nm
and spectral bandwidths up to 120 nm can be obtained. A pair of chirped mirrors and/or
a prism compressor consisting of two fused-silica prisms in double pass configuration is
employed to compensate for the group delay dispersion introduced by optical components
in the beam path. At the output, tunable ultrashort pulses (10 fs to 20 fs FWHM) in the
visible and near-infrared spectral range with pulse energies up to 1µJ are available for
spectroscopy experiments.

3.2. Pulse shaping setup

3.2.1. Implementation
The pulse shaping setup which was implemented and calibrated in the frame of this work
is intended for phase and amplitude shaping of femtosecond laser pulses in the visible and
near-infrared spectral range. The setup is arranged in a folded 4f -geometry, as discussed
in section 2.2. A picture and schematic diagrams of the pulse shaping setup are shown in
figure 3.1.
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CHAPTER 3. EXPERIMENTAL SETUP AND METHODS

Figure 3.1.: Annotated photograph (a), pseudo 3D-view (b) and side view (c) of the pulse
shaper. The incident laser pulse is dispersed by a prism (P) and sent to a spherical mirror (SM)
by an intermediate folding mirror (M1). The spherical mirror focuses the light onto the folding
mirror M2 which is located directly behind the LC-SLM, in the focal plane of the focusing
mirror. The folding mirror (M2) is tilted slightly, such that the outoing beam is located below
the ingoing beam during the second pass through the setup. At the output, the outgoing beam
is picked up and sent to the detection system using a pickup mirror.

The incident beam is angularly dispersed by a prism (Thorlabs, N-SF11 glass) and
sent to a spherical focusing mirror (focal length f = 50 cm) via an intermediate folding
mirror (M1). Using a spherical mirror instead of lenses for focusing offers the benefit of
reduced material dispersion. The path length from the prism apex to the spherical mirror
matches the focal length f . The spherical mirror focuses the spectral components of the
dispersed beam onto the folding mirror (M2) which is situated directly behind the liquid
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crystal spatial light modulator (SLM-S640d, Jenoptik Optical Systems GmbH ). The prism
orientation is chosen such that the active area of the LC-SLM covers the spectral range
from 470 nm to 980 nm. The centre wavelength, i.e., the wavelength impinging in the
centre pixel of the SLM, is 580 nm. As opposed to the arrangement shown in figure 2.13,
no entrance polariser is placed in front of the LC-SLM because the laser pulses already
are linearly polarized in x-direction when entering the setup. The folding mirror is tilted
slightly around the y-axis. Thus, the outgoing beam travels below the ingoing beam
during the second pass through the setup which is illustrated in panel (c) of figure 3.1.
After the spectral components are recombined in the prism, the output pulse is sent to
the detection system. The exit polariser (compare figure 2.13) is placed after the pickup
mirror.
The spatial light modulator used in this setup is designed for phase and amplitude

shaping of light in the range from 430 nm to 1600 nm with a maximum phase change
between 7π (430 nm) and 2π (1600 nm) for a single pass [46]. The device consists of
two pixelated liquid crystal masks with an active area of 64 × 10 mm2, situated directly
behind one another. Each mask consists of a thin layer of nematic liquid crystal (10µm
thickness) which is embedded between two glass slides. The masks are subdivided into a
linear array of 640 pixels, which, in turn, are 97µm wide and separated by gaps of 3µm.
The pixels of each mask can be controlled individually by means of a driving voltage that
is applied via two transparent indium tin oxide (ITO) electrodes. The voltage level can
be set with 12 bit resolution. A section view of the dual LC mask is shown in figure 3.2.
The displays can be operated in two modes. In the high-voltage mode, the driving

voltage ranges from 0 V to 8 V while the maximum voltage in the low-voltage mode is
5 V. In this report, the driving voltages are typically not given in units of volt but in
terms of a driving level ranging from 0 d.u. (digital units) to 4095 d.u. with a driving level
of 4095 d.u. corresponding to the maximum voltage. In all experiments, the LC-SLM was
operated in the high-voltage mode.

Figure 3.2.: Section view of the dual LC mask.

The major difference between the pulse shaping assembly described above and the
commonly used 4f -line presented in section 2.2 is the use of a prism in place of a grating
to angularly disperse the ingoing beam. The advantage of gratings over prisms is that
the former offer strong angular dispersion without introduction of additional material
dispersion [34]. However, gratings typically exhibit a low diffraction efficiency over large
bandwidths (< 50 %) [34]. This severely limits the throughput of the pulse shaper if
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used for shaping of pulses with a very broad spectrum or tunable centre wavelength.
Additionally, if the bandwidth of the pulses exceeds one octave, consecutive diffraction
orders start to overlap. In this case, the spectral components of the pulse cannot be
addressed individually by the SLM and controlled pulse shaping is not possible any more
[34].
Brewster prisms, on the other hand, offer the benefit of high and uniform transmittance

over the whole visible and near-infrared spectral range. Moreover, the bandwidth is not
limited to one octave since prisms refract every spectral component into a single, distinct
direction. However, to make use of the whole active area of the LC-SLM while keeping the
setup reasonably compact, strong angular dispersion of the incident beam is necessary.
This, in turn, requires a prism consisting of highly dispersive material. As a consequence,
pulses passing through the setup are subject to strong material dispersion and undergo
severe temporal broadening. This has to be compensated for additionally.
To minimise material dispersion introduced by the prism, it is desirable to reduce the

distance which the pulses are travelling in the prism as much as possible by positioning
the beam close to the prism apex. However, a lower limit for this distance is imposed by
the diameter of the incident beam and the requirement that significant energy losses due
to beam clipping at the prism edge should be avoided. In addition, a relatively large beam
diameter at the prism is required since the focal spot size at the LC-SLM should be slightly
smaller than the pixel width (100µm in this setup, see section 2.2). According to reference
[34] where a similar LC-SLM was used, a beam waist of 90µm in the focal plane is a good
compromise between spectral and temporal distortions. For a pulse in the visible spectral
range centred at 550 nm and a focal length f = 50 cm, this requires a beam diameter
of about 4 mm at the prism. Consequently, double passing through the pulse shaping
assembly introduces a GDD of approximately 2400 fs2. This includes material dispersion
introduced by the glass windows1 of the LC-SLM. The path length in the prism was
estimated assuming minimum deviation conditions and a distance of one beam radius
between the centre of the beam and the prism apex. Similar considerations for a near-
infrared pulse centred at 750 nm give a GDD of 1640 fs2. Notably, the phase distortions are
more severe for the pulse centred at 550 nm because the group velocity dispersion2 (GVD)
of glasses typically increases towards lower wavelengths. As a consequence, a substantial
amount of GDD plus higher order phase contributions have to be compensated for. In
principle, this can achieved using the phase shaping capabilities of the pulse shaper.
However, compensating a GDD as high as 1640 fs2 or 2400 fs2 requires a large pixel load
δϕ and thus results in spectral distortions of the output pulses. Therefore, a prism-
compressor consisting of two fused-silica prisms in double pass configuration was used for
dispersion compensation in this work.

3.2.2. Wavelength calibration
The aim of the wavelength calibration is to determine the pixel-to-wavelength mapping
of the pulse shaper. In principle, this relation can be derived directly from the dispersion
law of the pulse shaper which describes the lateral displacement p(λ) at the the SLM as
a function of wavelength:

p(λ)− p0 = ηf tan
[
β − π

2 + arcsin
(√

n(λ)2 − sin2(θi) sin(α)− sin(θi) cos(α)
)]

(3.1)

1For the calculations, it was assumed that the window material is fused silica.
2The group velocity dispersion can be defind as the introduced GDD per unit length.
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Here, p0 is the centre pixel of the SLM, η = 10/mm is the density of pixels, f is the
focal length of the focusing mirror, α is the apex angle of the prism, θi is the angle of
incidence at the prism and β describes the orientation of the prism with respect to the
SLM. p(λ) gives the displacement in units of pixels. The wavelength dependence of p(λ) is
entirely contained in the refractive index n(λ) of the prism material [53]. The derivation
of equation 3.1 is given the appendix A.3. All quantities that determine p(λ) are known or
can be measured in the setup. In practice, however, p(λ) is extremely sensitive to errors
in the angles θi and β which can only be measured with limited accuracy.
This limitation can be overcome by measuring p(λ) for a number of wavelengths across

the laser spectrum. These reference points are then used to fit the model given in equation
3.1. To measure p(λ), a single pixel k of the SLM is programmed to have low transmittance
while the remaining pixels are deactivated by applying the maximum driving voltage,
resulting in high transmittance at these pixels. This configuration results in a sharp dip
in the transmission spectrum of the SLM at the centre wavelength of the dark pixel. This
can be seen in figure 3.3. Fitting a Gaussian or second order polynomial to the data in
the vicinity of the minimum yields the centre wavelength λk of the kth pixel.

Figure 3.3.: Three transmission spectra of
the SLM. The transmittance of a single pixel
has been lowered while the remaining pixels
have been deactivated (i.e. no attenuation) by
applying the maximum driving voltage. This
configuration results in a distinct dip in the
transmission spectrum located at the centre
wavelength of the dark pixel.

Figure 3.4.: A set of SLM transmission spec-
tra plotted as a heatmap. Each horizontal line
represents a colour-coded transmission spec-
trum. The position of the dark pixel is given
on the vertical axis.

Measuring several transmission spectra while scanning the position of the dark pixel
gives the displacement p(λ) at several points. A complete dataset recorded for this purpose
is presented in figure 3.4, which clearly shows the non-linear variation of centre wavelength
with pixel number. Subsequently, equation 3.1 is fitted to the measured displacement
starting from a rough estimate for θi and β. In addition, the SLM is assumed to be
perfectly centred which implies p0 = 320. The fitting gives the displacement p(λ). The
final step is to invert the optimised model numerically to determine the centre wavelengths
of all 640 SLM pixels. The resulting calibration curve λ(k), i.e., the centre wavelength as
a function of pixel number k, is saved as a textfile for later use.
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Notably, the wavelength calibration procedure described above requires a well-calibrated
spectrometer to correctly assign the centre wavelengths. In this work, a spectrograph
(SpectraPro 2300i, Princeton Intruments) equipped with a CCD camera (PIXIS 100,
Princeton Instruments) was used for spectral intensity measurements. The spectrometer
was calibrated using the emission lines from a neon lamp as reference. In addition, the
spectral resolution of the CCD camera must be at least the same as the spectral resolution
of the pulse shaper to unambiguously map wavelengths to pixels. The average frequency
spacing δνSLM between the SLM pixels is 0.5 THz while the CCD pixels are separated
by approximately δνCCD = 0.08 THz, well below δνSLM. The spectrometer used in the
present work is thus able to resolve individual SLM pixels. This is demonstrated in figure
3.5 which shows two transmission spectra of the SLM with the 50th and 51st pixel set
to low transmittance, respectively. The two dips are clearly shifted with respect to each
other, indicating that the wavelength-to-pixel mapping can be determined unambiguously.

Figure 3.5.: Transmission spectra of the SLM with the 50th and 51st pixel set to low trans-
mittance. The shift between the spectra is clearly resolved by the CCD camera.

Within the frame of this project, all steps required to perform a wavelength calibration
as outlined above, that is, data acquisition and evaluation, were implemented using the
LabVIEW development environment.

3.2.3. Phase calibration
Overview

The second part of the calibration is to determine the introduced phase shift ∆ϕ(U, λ)
as a function of driving voltage U and wavelength λ for both LC masks. The phase cali-
bration procedure implemented in this work retrieves the phase ∆ϕ(U, λ) indirectly from
an in situ measurement of the wavelength and voltage dependent intensity modulation of
the pulse shaper. Other calibration approaches which directly measure the phase using
interferometry have been demonstrated [54, 55], but they require a separate calibration
setup. The indirect method, on the other hand, can be carried out in the pulse shaping
setup and therefore inherently takes influences of the alignment into account [56]. At a
specific wavelength λ0, the intensity modulation T = I/I0 of the pulse shaper, i.e. the
ratio of transmitted to initial intensity, is given by

Tλ0(U1, U2) = cos2 (∆ϕ1(U1, λ0)−∆ϕ2(U2, λ0)) . (3.2)
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∆ϕ1 and ∆ϕ1 are the phase shifts introduced by the first and the second LC display,
respectively, by applying the driving voltages U1 and U2. It is clear from equation 3.2
that the intensity modulation depends on the phase shifts introduced by both LC masks.
To decouple the calibration of the masks to the greatest possible extent, the maximum
driving voltage is applied to all pixels of one mask (henceforth referred to as the inactive
mask). This reduces the phase shift introduced by the inactive mask to approximately
zero, effectively setting the mask to an optically inactive state [46]. As a consequence, the
influence of the inactive mask on the amplitude modulation can be neglected to a good
approximation [46] and equation 3.2 can be simplified to

Tλ0(U) = cos2 (φ(U, λ0)) (3.3)

where φ(U, λ0) now denotes the voltage dependent phase shift introduced by the active
mask. The phase φ can be retrieved by inverting equation 3.3 - this will be discussed
further below. In theory, the full wavelength dependence of φ(U, λ) can be captured by
determining the voltage dependent phase shift at a single wavelength λ0 and extrapolating
to other wavelengths [23] using the relation

φ(U, λ) = φ(U, λ0)λ0

λ

∆n(λ)
∆n(λ0) . (3.4)

Here, ∆n(λ) is the wavelength dependent birefringence of the LC modulators which is
provided by the manufacturer in terms of a Sellmeier-equation [46]. This approach is
suggested by the manufacturer and it has been used for example in reference [34]. In this
work, however, a broadband calibration procedure was implemented, i.e., the dispersion
of φ(U, λ) was determined directly by calibrating the SLM pixels independently and at
their centre wavelengths. This approach has the advantage that deviations from the ideal
behaviour and inhomogeneities among the pixels are taken into account.
To measure the wavelength and voltage dependent intensity modulation for phase re-

trieval, one LC mask is deactivated as described above while a uniform driving voltage
U is applied to all pixels of the active mask and scanned from minimum to maximum
voltage. For each voltage setting, the spectral intensity I(λ) of a broadband laser pulse
after travelling through the pulse shaper is measured. This gives a spectrogram I(U, λ)
as shown in figure 3.6. At each wavelength, the intensity oscillates between a maximum
value and approximately zero, with the oscillation period increasing from lower to higher
voltages. This can also be seen in figure 3.7 where a cut of the spectrogram along the
voltage axis is shown. Due to the wavelength dependence of the phase shift φ(U, λ) the
extrema of I(U, λ) do not occur at the same voltage values, but along tilted lines. In
addition to the voltage-dependent intensity modulation, a sinusoidal modulation is super-
imposed on the spectra I(λ) at certain voltages (visible as vertical stripes in figure 3.6).
This distortion, which originates from a Fabry-Pérot effect inside the SLM, is discussed
in detail in the results part of this report.
After data acquisition, the phase shift φ(U, λ) of the active mask is retrieved using an

evaluation procedure that can be divided into the following steps:

i) Data selection: A certain wavelength range is manually specified such that all
intensity traces Iλ(U) (horizontal lines in the spectrogram) within that range feature
clear modulations with reasonable signal-to-noise ratio.

ii) Phase extraction: The phase φ is retrieved separately from every intensity trace
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Figure 3.6.: Spectrogram measured for the phase calibration of the SLM with mask B as the
active mask. The intensity oscillates with the driving voltage with the oscillation frequency
increasing towards lower voltages. In addition, a sinusoidal modulation of the intensity occurs
at certain driving voltages.

Figure 3.7.: Voltage dependent intensity after transmission through the SLM for a single
wavelength. (Corresponds to the red dashed line in figure 3.6.)

Iλ(U) within the specified range. This gives the voltage and wavelength dependent
phase φ(U, λ) of the active mask.

iii) Noise reduction: As a last step, noise in φ(U, λ) is removed by Gaussian filtering.

These steps result in a smooth and continuous function φ(U, λ) describing the phase
shift of the active mask. Repeating the whole procedure with the roles of the active
and inactive mask changed gives the phase for both LC masks. Finally, the voltage and
wavelength dependent phase of each LC mask is saved as a separate calibration file. A
more detailed description of steps ii and iii as outlined above will be given in the following.
A LabVIEW program which controls data acquisition and processing for phase calibration
runs has been developed within the context if this project.

Phase extraction from a single intensity trace

The voltage dependent phase shift φ(U, λ0) at a specific wavelength λ0 is encoded in the
shape of the intensity trace I(U) at that wavelength. This is described by equation 3.3
and the phase can be retrieved by inverting this relation.
As a first step, the intensity trace I(U) needs to be brought into a shape that is con-

sistent with equation 3.3, i.e., the intensity needs to be normalised such that is oscillates
between zero and unity. To this end, the intensity trace is normalised using linear segments
through its minima and maxima as lower and upper normalisation boundary, respectively.
This is illustrated in figure 3.8. This procedure ensures that the normalised data is zero
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(unity) at all minima (maxima). Typically, this cannot be achieved by simply normalising
I(U) with respect to its global maximum since noise in the data gives rise to fluctuations
in the intensity at the local extrema.
After normalisation, the phase can be calculated by directly inverting equation 3.3

which gives
φ(U, λ0) = kπ ± arccos

√
T (U). (3.5)

Here, T (U) denotes the normalised intensity trace and k is an integer number. The term
kπ appears because a periodic function cannot be inverted unambiguously: relation 3.3
remains valid if a multiple of π is added to the phase φ. For phase retrieval, the intensity
trace is subdivided into intervals with the interval boundaries given by the position of
the extrema of I(U). In each interval, the phase is calculated using the relation displayed
above with the value of k and the sign of the arccos function chosen such that the resulting
phase curve is continuous and monotonically falling over the whole voltage range. These
constraint are imposed to take the working principle of the LC-SLM into account. The
normalisation of the intensity trace ensures continuity at the interval boundaries where
pieces of the phase curve are stitched together. A phase curve that was obtained in this
way and the corresponding intensity trace are shown in figure 3.9.
This direct method for phase retrieval is easy to implement and reliably produces con-

tinuous and smooth phase curves if the noise level is very low. In practice, however, noise
distorts the intensity traces in particular in the vicinity of the local maxima. Here, the
inversion procedure is particularly sensitive to noise because the derivative of the arccos
function diverges if its argument approaches unity. As a result, the phase curves can be
severely distorted and exhibit jumps at the the maxima of I(U) [23, 56]. In addition, the
direct phase retrieval hinges on an accurate detection of the minima and maxima of I(U),
which is also hampered by the presence of noise around the extrema.
To overcome these problems, a two-step method for phase retrieval was implemented

in the frame of this work. As a first step, the direct method described above is used
to calculate the phase at several points across the whole voltage range. The phase is
then expressed in terms of natural cubic spline interpolation [57] of these control points.
Second, using a stochastic optimisation algorithm the control points are adjusted such
that the phase, expressed as a natural cubic spline, reproduces the normalised intensity
trace. To this end, the optimisation procedure minimises the root-mean-square-deviation
(RMSD) between the normalised intensity T (U) and the squared cosine of the phase
(compare equation 3.3), with the RMSD given by

RMSD =

√√√√ N∑
i

[T (Ui)− cos2(φSpline(Ui))]2 /N. (3.6)

The sum runs over all voltage values Ui where the intensity has been measured and φSpline
denotes the cubic spline representation of the phase. The optimisation algorithm used
here corresponds to the simulated annealing algorithm [58] at zero temperature, i.e., at
every iteration the control points are changed randomly and only changes that reduce the
RMSD are accepted. Despite the simplicity of the algorithm, the method converges in
the vast majority of cases because the initial guess obtained from direct phase retrieval
already reproduces the normalised intensity reasonably well.
For the initial guess, control points are initialised at the positions of local intensity

extrema, and at minimum and maximum voltage. At a later stage during the optimisation,
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the number of control points is doubled to further refine the phase curve, resulting in 30
to 40 control points in total. This number is much smaller than the length of a typical
intensity trace (∼ 1000 points) and the spline optimisation therefore captures the crucial
features of T (U) but the rapidly fluctuating noise contributions are effectively averaged
out.
The resulting phase curves φ(U) are free of distortions over the whole voltage range

and accurately reproduce the measured normalised transmission (see chapter 4).

Figure 3.8.: Top: Intensity trace before nor-
malisation. For normalisation, linear interpo-
lation of the maxima and minima is used to get
the upper and lower normalisation boundary,
respectively (red dashed lines). Bottom: After
normalisation, the intensity oscillates between
zero and unity.

Figure 3.9.: Top: Normalised intensity trace.
Bottom: Phase curve extracted from the in-
tensity trace in the top panel using the direct
inversion approach outlined in the text.

Noise reduction

The phase extraction procedure outlined above ensures that, at any wavelength, the phase
is continuous and noise free over the whole voltage range. However, since the phase curves
at different wavelengths are determined independently and due to the stochastic nature of
the algorithm for phase retrieval, the phase as a function of wavelength at a given voltage,
φ(U0, λ), is to a certain degree distorted by noise, as shown in figure 3.10. To compensate
for this, Gaussian filtering is used which efficiently suppresses the high frequency noise,
as shown in figure 3.10. After noise reduction, the phase φ(U, λ) is distortion free with
respect to both wavelength and voltage.

3.2.4. Generation of amplitude and phase masks
Once both wavelength and phase calibrations have been obtained, the resulting calibration
functions can be applied to generate the voltage patterns required to realise a given
transfer function H(λ). In the general case, H describes both amplitude and phase
modulation with

H(λ) = A(λ)e−iψ(λ). (3.7)

A(λ) describes amplitude modulation whereas ψ(λ) denotes the added spectral phase.
The first step is to evaluate the transfer function at every pixel’s centre wavelength,
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Figure 3.10.: Phase as a function of wavelength at a driving voltage U = 505 d.u. before (blue
dots) and after (red solid curve) Gaussian filtering for noise reduction.

which is given by the wavelength calibration. Next, the appropriate driving voltages UA
and UB for mask A and B have to be determined at every pixel. For a given pixel with
centre wavelength λ0, the phase shifts ∆φA and ∆φB which are required to achieve the
desired amplitude and phase modulation are given by

∆φA(UA, λ0) = ψ(λ0)
2 + arccosA(λ0)

2

∆φB(UB, λ0) = ψ(λ0)
2 − arccosA(λ0)

2 .

(3.8)

It is apparent from equation 2.13 that these settings for ∆φA and ∆φB result indeed in
the desired modulation behaviour. As a result of the phase calibration, ∆φA and ∆φB are
given as (tabulated) functions of driving voltages UA and UB, respectively, at the pixel’s
centre wavelength λ0. Thus, to derive the appropriate voltages, the relations displayed
above in equation 3.8 can be solved numerically for UA and UB. Repeating this for every
SLM pixel gives the voltage pattens that need to be applied to mask A and B to realise
the desired transfer function H.

3.3. Pulse characterisation using intensity
autocorrelation

Tools for characterising femtosecond laser pulses with respect to pulse shape and duration
are indispensable for measuring and compensating for dispersion effects. Measuring the
temporal pulse shape I(t) is particularly challenging because pulse durations of ultra-short
laser pulses are orders of magnitude below the response times of the fastest electronic pho-
todetectors [26]. Several techniques have been developed to retrieve the spectral phase
and amplitude of a laser pulse, which enables the reconstruction of the time dependent
intensity I(t). The most prominent examples of these techniques are frequency-resolved
optical gating (FROG) [59] and Spectral phase interferometry for direct electric-field re-
construction (SPIDER) [60].
Another approach, which was used in this work, is intensity autocorrelation. This
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technique allows for the measurement of the autocorrelation function R(τ) of the temporal
intensity which is given by

R(τ) = 〈I(t)I(t− τ)〉
〈I(t)2〉

. (3.9)

In contrast to FROG and SPIDER, the method yields only partial information about
the intensity I(t) and additional assumptions about the pulse shape have too be made in
order to extract the pulse duration ∆τ . Commonly, I(t) is assumed to have a Gaussian
or a sech2-shape. Since the resulting value for ∆τ depends on the choice of the reference
shape, pulse durations obtained using the autocorrelation technique have to be interpreted
carefully. Experimentally, the autocorrelation function can be measured using the setup
shown in figure 3.11 on the left hand side. The ingoing laser pulse is split into two replicas
and one of the replicas is delayed with respect to the other by a time τ using a delay line.
The two replicas are then focused onto a thin crystal with a χ(2) non-linearity. Here, second
harmonic generation (SHG), i.e., the generation of light at twice the input frequency,
occurs and the second harmonic signals emerge in three phase matching directions k1, k2
and k1 + k2. k1 and k2 are the wave vectors of replica 1 and replica 2 respectively. The
signal propagating along k1 +k2 is created in a two-photon process involving both replica
1 and replica 2, and its strength therefore depends on the temporal overlap of the replicas.
It is isolated using a spatial mask and sent to a photodiode that is used to measure its
time averaged intensity 〈ISHG〉. Measuring 〈ISHG〉 as a function of the inter-pulse delay τ
yields the correlation function R(τ). Finally, the pulse duration ∆τ is obtained from the
FWHM of the autocorrelation trace R(τ) by multiplication with 1/

√
2, which is based on

the assumption that the pulse has a Gaussian shape.

Figure 3.11.: Schematic diagram of a setup for intensity autocorrelation of femtosecond laser
pulses. The ingoing pulse is split into two replica (not shown) and one replica is delayed by
a time τ in respect of the other. The two pulse replicas are then focused onto a non-linear
crystal where second harmonic generation occurs. The second harmonic signals emerge in three
phase matching directions. Using a spatial filter, the signal depending on the temporal overlap
of the replicas is selected and sent to a photodiode. The time-averge of this signal gives the
autocorrelation of the pulse’s temporal intensity I(t). A typical result is shown on the right
hand side. The pulse duration ∆τ can be estimated from the autocorrelation trace.
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4. Results and Discussion

4.1. Pulse shaper calibration

4.1.1. Wavelength calibration
Results of wavelength calibrations using pulses in the visible and near-infrared spectral
range are displayed in figures 4.1 and 4.2 which show the measured lateral displacement at
the LC-SLM as a function of wavelength and the fitted model. In both spectral regions, the
agreement between the fitted model and the measured data is excellent. This confirms
the validity of the wavelength calibration procedure. Figure 3.5 shows a plot of the
calibration curve, i.e., the pixel-to-wavelength mapping, extracted from the fit shown in
figure 4.2. Due to the non-linear angular dispersion of the prism, the centre wavelength
varies non-linearly with the pixel number with the wavelength spacing between adjoining
SLM pixels decreasing from 1.8 nm at the red edge (∼ 830 nm) to about 0.2 nm at the
blue edge (∼ 450 nm) of the spectral range covered by the LC-SLM. Correspondingly,
the frequency spacing changes from 0.8 THz to about 0.3 THz (compare figure 4.3). This
implies that the spectral resolution of the LC-SLM increases towards lower wavelengths,
which, in turn, affects phase shaping limits of the setup as discussed in the following.

Figure 4.1.: Displacement at the SLM mea-
sured as a function of wavelength in the visible
spectral range and fitted model.

Figure 4.2.: Displacement at the SLM mea-
sured as a function of wavelength in the near-
infrared spectral range and fitted model.

The wavelength calibration curve can be used to roughly estimate the limits of the phase
shaping capabilities of the pulse shaper. These considerations are based on the criterion
that the pixel load δφ must not exceed π to avoid spectral distortions of the output pulse
(compare section 2.2). Assuming for the moment a constant frequency spacing δf between
the SLM pixels, the maximum group delay GDmax that can be introduced using the pulse
shaper is given by [25]

GDmax = δφmax

2πδf = 1
2δf . (4.1)
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Figure 4.3.: Left: Pixel-to-wavelength and pixel-to-frequency mapping of the SLM. The curves
were obtained by inverting the fitted model shown in figure 4.2. Right: Wavelength spacing |δλ|
and frequency spacing |δf | between adjoining pixels as a function of pixel number.

Due to the non-linearity of the pixel-to-frequency mapping, the value of δf varies sig-
nificantly over the working range of the pulse shaper. Thus the maximum group delay
GDmax was calculated separately for various centre wavelengths assuming that the fre-
quency spacing δf is locally constant to a good approximation. The results are displayed
in table 4.1. Since a group delay can be applied to a pulse both with positive and neg-
ative sign (corresponding to positive and negative shifts in time), the temporal window
T in which accurate pulse shaping is possible is given by T = 2GDmax [34]. The values
of T range from 1.4 ps to 2.3 ps which is similar to values reported in the literature for
comparable pulse shaping setups [34, 61]. The temporal shaping window is of partic-
ular importance for pulse-shaper-based time-resolved spectroscopy experiments since it
effectively limits the time scale on which dynamics can be investigated.

λ (nm) δλ (nm) δf (THz) GDmax (fs)
750 1.3 0.7 700
650 0.8 0.6 850
550 0.4 0.4 1150

Table 4.1.: The upper limit for the group delay GDmax as a function of centre wavelength.

Using similar considerations it is possible to estimate the maximum group delay dis-
persion (GDD) that can be applied to a pulse using the pulse shaper. In this case, the
phase varies quadratically with frequency and the pixel load δφ increases linearly with
the detuning from the pulse’s centre frequency. The spectral width ∆f of the pulse thus
has to be taken into account. The maximum GDD can be estimated by requiring that
the pixel load δφ must not exceed π at a detuning of ∆f/2 from the centre frequency.
This translates to [34]

GDDmax = 1
2δf

1
π∆f = GDmax

π∆f . (4.2)

Table 4.2 shows GDDmax as a function of spectral pulse width ∆f for pulses centred at
550 nm and 750 nm. Notably, ∆f should be determined at the base of the spectrum (e.g.
at 10 % of the maximum intensity) instead of using the FWHM. The results indicate
that a substantial amount of material dispersion can be compensated for by the pulse
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shaper. As an example, the value of GDDmax = 3050 fs2 for a pulse at 550 nm with
∆f = 120 THz is sufficient to compensate for roughly 40 mm of BK7 glass in the beam
path. However, another effect which can lead to pulse distortions has not been included
in these considerations. If the phase exceeds the maximum phase change that the LC
pixels can introduce, the phase values need to be shifted by multiples of 2π. This results
in voltage jumps between adjacent pixels, which, in turn, can lead to spectral distortions
in the form of sharp dips or spikes.

∆f (THz) GDDmax (fs2) at 550 nm GDDmax (fs2) at 750 nm
80 4600 2800
100 3650 2200
120 3050 1850

Table 4.2.: Maximum group delay dispersion for various pulse widths ∆f at 550 nm and at 750 nm.

Consequently, the results presented in table 4.2 represent a best-case scenario not taking
non-ideal behaviour of the liquid crystal pixels into account, and pulse distortions are
likely to occur already for values of the GDD lower than GDDmax. Nonetheless, these
considerations based on the wavelength calibration results provide a useful estimate of
the dispersion compensation capabilities of the pulse shaping setup.

4.1.2. Phase calibration
A typical result from a phase calibration run is displayed in figure 4.4 which shows a
plot of the voltage and wavelength dependent phase shift φ(U, λ) of LC mask A for
wavelengths ranging from 684 nm to 814 nm. The phase is continuous and free of noise
in both dimensions. Figure 4.4 also shows the voltage dependent phase at 700 nm and
800 nm. The curves have the characteristic shape that is common to all phase curves.
At low voltages, the phase is practically constant, indicating that the voltage has not
exceeded the threshold value (∼ 80 mV) for rotating the elongated LC molecules. For
voltages above threshold, the phase curve φ(U) can to a good approximation be described
by a bi-exponential decay function with a dominant fast component. Typically the phase
drops to about 10 % of its maximum value already around U ∼ 600 d.u., corresponding to
only 15 % of the voltage range of the SLM. At higher voltages the phase slowly approaches
zero. For all practical purposes, only the phase above threshold is of interest, because
the orientation of the LC molecules, and therefore the introduced phase shift, is not well
defined for voltages below threshold.
The phase curves φ(U) at different wavelengths mainly differ in the maximum phase

change which increases towards lower wavelengths. From independent phase calibration
runs in the visible and near-infrared spectral range, the maximum phase was determined
to be approximately 8π at 532 nm and 4.4π at 814 nm for a double pass through a single
LC mask. This large working range has the advantage that phase patterns can be wrapped
modulo a multiple of 2π, which leads to a lower number of voltage jumps and thus helps
to avoid pulse distortions which are associated with a discontinuous driving voltage.
As described in section 3.2.3 of this report, the phase shift φ of an LC mask is calibrated

by finding a function φ(U, λ) that reproduces the measured transmission T (U, λ) of the
pulse shaper according to T (U, λ) = cos2 φ(U, λ). The agreement between measured and
reconstructed transmittance is thus an import criterion to asses the accuracy of the phase
calibration. Figure 4.5 shows both the transmission reconstructed from the phase plotted
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in figure 4.4 and the corresponding measured transmission. It is apparent that measured
and reconstructed transmission are in perfect agreement, indicating that the retrieved
phase accurately reflects the measured transmission behaviour of the pulse shaper.

Figure 4.4.: Left: Phase φ(U, λ) introduced by the first LC mask of the LC-SLM as a function
of wavelength and voltage. The contour lines are drawn at multiples of π. Right: Voltage
dependant phase at 700 nm and 800 nm.

Figure 4.5.: Left: Measured transmitted intensity (normalised). Right: Intensity modulation
of the pulse shaper calculated using the phase calibration results displayed in figure 4.4.

To compare the spline-based phase extraction algorithm used in this work to the con-
ventional method based on direct inversion both approaches were used to retrieve the
phase from an intensity trace that was distorted artificially by adding Gaussian noise
with a standard deviation corresponding to 5 % of the maximum intensity. The resulting
phase curves are shown in figure 4.6. The phase curve obtained from direct inversion is
clearly affected by the noise which causes distinct aberrations at the positions of intensity
extrema (see inset in figure 4.6). The method developed in this work, on the other hand,
produces a smooth phase curve despite the presence of noise. To further compare the
robustness of the two methods, they were used to retrieve the phase from intensity traces
with a varying amount of noise added. To characterise the resulting phase curves, the
root-mean-square-deviation (RMSD) with respect to a reference phase curve was deter-
mined for multiple values of the standard deviation of the (Gaussian) noise. The results,
i.e., the RSMD as a function of noise level, are shown in figure 4.7. For both methods,
the RMSD generally increases with the noise level. However, at all noise levels the phase
curves retrieved via spline optimisation deviate less from the reference phase than the
results from direct phase retrieval, with RMSD values differing by a factor of 3 to 4. As
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a conclusion, these findings show that the spline-based method for phase retrieval devel-
oped in the frame of this work is superior to the standard method with respect to noise
susceptibility.

Figure 4.6.: Phase calibration curves re-
trieved by direct inversion (blue) and via
spline optimisation (red).

Figure 4.7.: RMSD as a function of noise
standard deviation. The values have been ob-
tained by averaging over 25 independent phase
retrieval runs. The error bars correspond to
one standard deviation.

In addition to the voltage dependent intensity modulation, the phase calibration spec-
trograms also show an oscillatory modulation of the spectral intensity at certain driving
voltages. These modulations are visible as horizontal stripes in the normalised spectro-
gram displayed in figure 4.5, and they are reproduced by the phase calibration procedure
(see figure 4.5, right panel). Notably, the relative amplitude of these sinusoidal modu-
lations varies significantly with the driving voltage, whereas the modulation frequency
remains practically constant. The modulation is particularly pronounced if the overall
transmitted intensity is low, whilst hardly any modulations are visible at high intensi-
ties. This is illustrated in figure 4.8 which shows vertical cuts of the phase calibration
spectrogram before normalisation at different voltage values. Fourier transforms of the
modulated spectra show that the oscillation period of the spectral modulations is approx-
imately 10 THz. In the time domain, this corresponds to an attenuated replica pulse with
a delay of 100 fs with respect to the main pulse.
These periodic modulations presumably originate in the multilayer structure of the

LC-SLM which is shown in figure 3.2. In each LC mask, the thin liquid crystal layer is
sandwiched between two ITO electrodes which exhibit a large refractive index (n = 1.87
at 633 nm) as compared to the liquid crystal (no = 1.51 at 633 nm). This refractive index
discontinuity causes a small fraction of the traversing light to be reflected at the boundary
between liquid crystal and ITO. As a result, the LC layer framed by the ITO electrodes
acts as a low-finesse Fabry-Perot interferometer resulting in a periodically varying trans-
mittance. This effect is known to occur in LC displays [62]. This hypothesis is supported
by the fact that refractive index and thickness of the LC layer (10µm) give rise to a free
spectral range1 of about 10 THz for this multilayer structure which matches the observed
oscillation period of the spectral modulations.
On the other hand, the relative amplitude of the intensity modulation resulting from

1The free spectral range ∆ν = c/2nd is the frequency spacing between adjoining transmittance maxima.
c is the speed of light, n the refractive index and d the thickness of the LC layer.

29



CHAPTER 4. RESULTS AND DISCUSSION

Figure 4.8.: Vertical cuts of the phase calibration spectrogram (before normalisation) at three
different voltages. After transmission through the pulse shaper, the laser spectrum is periodcally
modulated. The relative amplitude of the modulations is voltage dependent whereas the fre-
quency is practically constant (∼ 10 THz). Power spectra of the spectral amplitudes are shown
in the bottom panels.

a simple Fabry-Perot effect should be independent of the maximum intensity. This is in
contradiction to the observations which show that the relative amplitude of the modulation
depends on the applied driving voltage. However, one has to take into account that the
LC-SLM has a more complex structure than a simple Fabry-Perot interferometer. In
particular, the effect of the voltage dependent birefringence of the LC layers has to be
taken into account, and it is shown in reference [63] that this can indeed lead to a voltage
dependent amplitude of the Fabry-Perot interferences.

Figure 4.9.: Left and centre: Wavelength dependent phase at driving voltages 1005 d.u. and
405 d.u.. The phase features distinct oscillations with a peak-to-peak value of the order of 0.1 rad
to 0.2 rad. Right: Oscillatory component of the phase plotted in figure 4.4.

Since the spectral modulations are reproduced by the phase calibration procedure (see
figure 4.4), the phase φ(U, λ) is also periodically modulated. This is illustrated in figure
4.9 where plots of the wavelength dependent phase of LC mask A at two different voltages
are shown. The curves feature clear oscillations with a peak-to-peak value of the order
of 0.1 rad to 0.2 rad. Figure 4.9 also shows a heatmap plot of the oscillatory component
of the phase shown in figure 4.9. It is evident that the oscillatory modulation is present
over the whole voltage range without a substantial variation in frequency or amplitude.
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Only for voltages within a small number of narrow voltage-bands does the modulation
amplitude appear to be attenuated (visible as vertical stripes in figure 4.9). The question
as to which extent this modulation affects the pulse shaping accuracy was investigated in
the context of amplitude shaping experiments (see section 4.2).

4.2. Amplitude shaping
Results from wavelength and phase calibration runs suggest that the pixel-to-wavelength
mapping as well as the wavelength and voltage dependent phase shift of the LC masks
could be accurately determined. Ultimately, however, the accuracy of calibration proce-
dure needs to be gauged on the basis of pulse shaping experiments where the calibration
results are put to the test. To this end, amplitude shaping experiments were performed
where the calibration results were used to specifically manipulate the spectral intensity
of near-infrared laser pulses.
In a first experiment, transfer functions describing a periodic modulation of the spectral

amplitude were applied to the laser pulses via the pulse shaper. The appropriate voltage
patterns were derived following the scheme described in section 3.2.4. Three exemplary
results are presented in figure 4.10: Amplitude modulation according to A = cos2(2πλ/λ0)
with λ0 = 40 nm (top panel) and λ0 = 20 nm (centre panel) and binary amplitude shaping
resulting in regularly spaced spectral holes with a width of 15 nm (bottom panel). In each
plot, the laser spectrum before shaping is shown as a blue curve and the desired spectral
shape is indicated by a dashed red line. In all three cases, the shaped spectrum is in very
good agreement with the target shape. For the cos2-like amplitude modulation aberrations
mainly occur at the intensity maxima where the shaped spectrum in some cases fails to
reach the target intensity. This effect is more pronounced for smaller modulation periods
as shown in the centre panel of figure 4.10. For even higher modulation frequencies,
the shaping accuracy further deteriorates, in particular with respect to the achievable
modulation depth. Presumably, this is because fast spectral modulations require a large
pixel load, which, in turn, leads to spectral distortions due to destructive interference
between neighbouring pixels (see section 2.2). However, the results shown in figure 4.10
indicate that spectral features with a FWHM down to about 4 nm can be shaped with
reasonable accuracy.
In the case of binary amplitude shaping, deviations from the ideal shape can be seen

at the edges of the spectral holes where the abrupt change from extinction to full trans-
mittance occurs. This transition is smoothed out to some extent due to finite spectral
resolution of the pulse shaper. This is illustrated in the inset in figure 4.10.
It was found during the analysis of the calibration results that the calibrated phase

φ(U, λ) exhibits distinct oscillations as a function of wavelength. These periodic modula-
tions presumably originate from a Fabry-Perot effect inside the LC-SLM. To investigate
to which extent these oscillations affect the pulse shaping accuracy, the oscillatory com-
ponent was removed from the phase, and the resulting, modulation-free set of phase
calibration functions (one for each LC mask) was compared to the original calibration
data with respect to amplitude shaping accuracy. To remove the oscillating component, a
3rd-order polynomial was fitted to the wavelength dependent phase at each voltage. The
polynomial fit captures the slowly varying component of the phase but the fast oscillations
are effectively averaged out. Both calibration sets were used to modulate the spectral am-
plitude of laser pulses according to A = cos2(2πλ/100 nm). The results are presented in
figure 4.11. In both cases, the measured spectral intensity is in good agreement with
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Figure 4.10.: Results of amplitude shaping experiments. The blue curve represents the (un-
shaped) reference spectrum, the green, shaded curve is the measured spectrum after shaping
and the red, dashed line indicates the desired spectral shape. Top: Periodic amplitude mod-
ulation with neighbouring peaks separated by 20 nm. Centre: Periodic amplitude modulation
with neighbouring peaks separated by 10 nm. Bottom: Binary amplitude modulation resulting
in spectral holes with 15 nm width.

Figure 4.11.: Left: Amplitude shaping with the oscillatory component of the phase removed.
Right: Amplitude shaping with the oscillatory component of the phase retained. In the bottom
panels, the deviation between measured and desired spectral shape is plotted.
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the target shape, which is indicated by the dashed red line. Calculations show that in
this case the root-mean-square-deviation between desired and measured spectral shape is
sightly smaller if the oscillatory features of the phase are retained. However, for a dif-
ferent transfer functions the situation is reversed, i.e., slightly better results are obtained
with the oscillatory features removed. This suggests that the periodic modulation of the
phase does not systematically affect the pulse shaping accuracy, and that deviations from
the desired pulse shape are more likely to originate directly in interference effects in the
LC-SLM.
To demonstrate that the amplitude shaping capabilities of the pulse shaper go beyond

periodic intensity modulation, the device was used to reproduce arbitrary greyscale im-
ages. To this end, the greyscale values of each line of a reference picture were translated
to a transfer function with maximum greyscale values corresponding to full and mini-
mum greyscale values corresponding to zero transmittance, respectively. Subsequently,
the transfer function was applied to the laser pulses via the pulse shaper and the resulting
spectral intensity was recorded. By repeating this procedure for every pixel row of the
reference image, a replica image was constructed line by line which each row given by the
greyscale-coded spectral intensity of the shaped laser pulse.

Figure 4.12.: Line by line reproduction of greyscale images using the amplitude shaping ca-
pabilities of the pulse shaper. Reference images are shown on the left hand side. The image
of the Lund cathedral was derived from a photo by Anton Holmquist and Pauline Gyllengahm
liscensed under the Creative Commons (CC BY 4.0) license. Each line of the reproduced images
(right hand side) is given by the colour-coded spectral intensity of a shaped laser pulse.

Two reference images - a binary image showing the Lund university logo and a greyscale
image of the Lund cathedral - and the corresponding replicas are displayed in figure 4.12.
For image reconstruction, the spectral intensity in the range from 680 nm to 790 nm
was modulated, corresponding to 90 SLM pixels. The central features of the reference
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images could be accurately reproduced by the pulse shaper. In particular, the various
shading levels characterising the image of the Lund cathedral are for the most part clearly
distinguishable in the reconstructed image. However, fine details cannot be reproduced in
the replica image and the contrast level of the reference images cannot be reached. These
limitations arise inherently as a consequence of the limited number of pixels which were
available for shaping and the finite spectral resolution of the pulse shaper.

4.3. Pulse compression
A special feature of the pulse shaping setup used in this work is the use of a highly-
dispersive prism to spatially separate the spectral components of the input pulses. As
a consequence, substantial amounts of material dispersion are introduced by the pulse
shaper itself, leading to severe temporal broadening of the output pulses. To verify the
phase shaping capabilities of the pulse shaper, it was used to re-compress the output laser
pulses by compensating for the non-linear phase introduced by the prism and the glass
windows of the LC-SLM.
As a first experiment, the pulse shaper alone was employed to re-compress the output

pulses without the use of an additional prism compressor. The input pulses used in this
experiment had a temporal duration of 18.7 fs (assuming Gaussian shape) with a spectrum
centred around 750 nm as shown in figure 4.13. The pedestal width of the spectral intensity
(taken at 10 % of the maximum value) is 172 nm or 92 THz. The appropriate phase
patterns for recompression were derived by calculating the full phase χ introduced by
the prisms and the SLM windows, followed by an extraction of the 2nd and 3rd order
phase contributions via a polynomial fit. Subsequently, the 2nd and 3rd order phase was
inverted and mapped to the LC-SLM. The full phase χ as a function of optical frequency
ν is given by

χ(ν) = 2πνnP

c0
dP + 2πνnW

c0
dW. (4.3)

nP/W denotes the (wavelength dependent) refractive index of the prism (P) or the SLM
windows (W), respectively. The refractive index of the prism material (N-SF11) is given
in reference [53]. The material of the windows is not specified in the SLM manual,
and it was thus assumed that they consist of fused silica which is commonly used in
optical components (The refractive of fused silica is given in reference [64]). The total
thickness of the glass windows is specified as 6 mm by the manufacturer, resulting in
dW = 12 mm for a double pass. However, the path length dP in the prism was not
known a priori. The best phase configuration was therefore determined by monitoring the
degree of recompression while systematically varying the value of dP entering the phase
calculation according to equ. 4.3. The re-compression was characterised by the intensity
autocorrelation signal at zero delay. Results are presented in figure 4.14 which shows a
plot of the autocorrelation signal strength as a function of compensated material thickness
dP. The highest signal strength, indicating the shortest pulse duration, is reached if the
pulse shaper is programmed to compensate for 7.5 mm of SF-11 glass and 12 mm of fused
silica. At 750 nm, this corresponds to a GDD of 2040 fs2 that is compensated for.
Full autocorrelation traces for three different dispersion compensation configurations

(6 mm, 7.5 mm and 9 mm of SF-11) are shown in figure 4.15. The plots clearly show
that the temporal width of the output pulse is affected by the applied phase pattern.
For the optimum compensation setting found before (dP = 7.5 mm) the autocorrelation
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peak has a temporal width of 37.4 fs, which corresponds to a pulse duration of about
26.4 fs, assuming a Gaussian pulse shape. This value is considerably larger than the
duration of the input pulses (18.7 fs), which shows that complete recompression could not
be achieved with the pulse shaper alone. This can be attributed to two effects. First, a
comparison with the pulse shaper limits derived from the wavelength calibration (see table
4.2) shows that the compensation of 2040 fs2 of GDD plus 1300 fs3 of third order phase
will lead to pixel loads close to π at the edge of the spectrum (for 90 THz spectral width).
Consequently, spectral narrowing occurs, resulting in an increased pulse duration. Second,
during these experiments, an early version of the LabVIEW code for the generation of
voltage patterns was used that did not exploit the full phase range of the pulse shaper.
As a result, a relatively high number of voltage jumps occurred, possibly leading to a
degradation of the spectrum at the position of the jumps. By using the full phase range,
the number of voltage jumps can be reduced considerably (illustrated in figure 4.16), and
it is expected that this will result in an improved re-compression efficiency. However, due
to time constraints, these experiments could not be repeated with an updated version of
the LabVIEW code.

Figure 4.13.: Spectrum of the input pulses
at the NOPA output.

Figure 4.14.: Autocorrelation signal at zero
delay as a function of compensated material
thickness.

Figure 4.15.: Intensity autocorrelation traces measured with three different dispersion com-
pensation settings. The FWHM given in the subplots refers to the autocorrelation trace. The
pulse width can be obtained from this value by multiplication with 1/

√
2 (assuming a Gaussian

pulse shape).

In an additional experiment, a prism compressor consisting of two fused silica prisms
at a separation of 128 cm in double pass configuration was used to partially compensate
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for the material dispersion in the pulse shaping setup. This substantially reduced the
amount of material dispersion that needed to be compensated for by the pulse shaper
itself, leading to an overall decrease in the pixel load and the number of phase jumps.
To find the phase settings leading to the optimum pulse compression with this setup,
the expansion coefficients of the phase applied with the pulse shaper were optimised
manually with regard to the autocorrelation signal at zero delay. The phase was expressed
in terms of a Taylor expansion up to fourth order around 740 nm. With the optimum
phase pattern found in this way, output pulse durations of 16.5 fs could be achieved. This
value is slightly below the input pulse duration (18.7 fs) and considerably smaller than
the shortest pulse duration that was achieved without an additional prism compressor
(26.4 fs). The expansion coefficients of the optimum phase pattern are presented in table
4.3. As compared to the previous case without external precompression, the GDD that
needs to be compensated for by the pulse shaper is reduced by more than 50 % (900 fs2

vs. 2040 fs2), which underlines the significance of the prism compressor. Furthermore,
for a GDD of 900 fs2 the pixel load should remain well below π across the whole pulse
spectrum, meaning that spectral degradation due to pixelation effects is not expected to
occur.

φ2 φ3 φ4

−900 fs2 −600 fs3 −2000 fs4

Table 4.3.: Taylor coefficients of the phase resulting in the minimum output pulse duration. The phase
was expanded around 405 THz (740 nm).

Autocorrelation traces of the input and the compressed output pulse are shown in figure
4.17. As shown in subplot (c) of this figure, the main difference between the autocorrela-
tion traces of the input and output pulse is that the former exhibits more distinct wings.
These wings typically occur as a consequence of third order phase distortions, and the fact
that these wings are less pronounced after recompression suggests that 3rd order phase
contributions present in the input pulse could be removed with the pulse shaper.
However, even though the pulses could be recompressed successfully, room for improve-

ment remains: Fourier transforming the spectral amplitude of the input pulses shows that
the input pulse spectrum shown in figure 4.13 can support bandwidth-limited pulses with
duration of about 10 fs which is clearly lower than the shortest pulse duration that was
achieved. These findings suggest that the spectral phase of the pulses exhibits complex
features that cannot be described in terms of a (low order) Taylor expansion. Instead, a
more flexible representation of the phase would be required to achieve compression down
to the bandwidth limit. One possible approach would be to describe the phase in terms of
spline whose control points are optimised in a closed-loop-scheme using the autocorrela-
tion signal as feedback. A similar approach has been successfully applied in reference [65]
to demonstrate pulse compression from 100 fs to 35 fs. Alternatively, an open-loop-scheme
can be employed for pulse compression as demonstrated in [34] where a prism-based pulse
shaper was used in combination with a SPIDER setup for complete pulse characterisation
to compensate for substantial amounts of material dispersion without any iteration.
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Figure 4.16.: Voltage patterns required to compensate for the material dispersion of 7.5 mm
SF-11 and 12 mm fused silica. In (a), phase values are constrained to the interval [0, 2π], whereas
the working range in (b) is 4π, leading to reduced number of phase (and voltage) jumps.

Figure 4.17.: Results of pulse recompression using the pulse shaper plus an additional prism
compressor. (a) Intensity autocorrelation trace of the output pulse and Gaussian fit. (b) Inten-
sity autocorrelation trace of the input pulse and Gaussian fit. (c) Plot of both autocorrelation
traces for comparison.
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5. Summary and Outlook
A programmable Fourier-transform pulse shaper for phase and amplitude shaping of fem-
tosecond laser pulses was implemented in the frame of this project. The device is intended
for dispersion compensation and pulse sequence generation for ultrafast spectroscopy ex-
periments. Pulse-shaper-assisted two-dimensional coherent nanoscopy experiments, in
particular, are expected to give new insights into coherent phenomena in nanostructures
on the femtosecond time scale.
The pulse shaper is based on a liquid crystal spatial light modulator (LC-SLM) which

needs to be calibrated carefully in order to achieve accurate pulse shaping. Routines for
determining the pixel-to-wavelength mapping and the wavelength dependent voltage-to-
phase mapping of the LC-SLM have been implemented. Amplitude shaping experiments
were performed to assess the accuracy of the calibration results. Within the limitations
of the pulse shaper, very good agreement between measured and desired spectral shapes
was found, and it is concluded that the pulse shaper could be successfully calibrated using
the methods presented in this work.
The phase calibration procedure introduced in this report determines the voltage-to-

phase mapping indirectly from an in situ measurement of the intensity modulation be-
haviour of the pulse shaper. The phase is retrieved using an iterative optimisation proce-
dure which was found to be superior to the conventional method for phase extraction with
regard to noise susceptibility. In particular, the appearance of non-physical jumps in the
phase curves due to aberrations in the calibration data could be successfully suppressed.
Estimates for the limitations of the pulse shaper were derived from the wavelength cal-
ibration results. It was found that the available spectral resolution leads to a temporal
shaping window at the order of 1 ps to 2 ps, depending on the spectral region. This de-
termines the timescale which can be investigated in ultrafast spectroscopy experiments
relying solely on the pulse shaper for laser pulse sequence generation.
Both amplitude shaping experiments and phase calibration runs revealed that a periodic

modulation is superimposed on the spectra of the output pulses. The amplitude of these
modulations is at the order of a few percent of the input intensity and their oscillation
frequency suggests that they originate in a Fabry-Perot effect caused by the multilayer
structure of the SLM. This implies that the effect is unavoidable.
The phase control capabilities of the pulse shaper were demonstrated by compensating

for material dispersion introduced by the dispersing prism in the setup. With the pulse
shaper alone, complete recompression could not be achieved because spectral narrowing
occurred as a consequence of high pixel loads. With external precompression by means
of a prism compressor, on the other hand, the material dispersion could be compensated
for successfully. These findings clearly show that additional compression is necessary if
the pulse shaper is employed for shaping of broadband laser pulses.
Even though successful recompression of the output pulses could be demonstrated,

bandwidth-limited pulse durations could not be achieved. Presumably, this is because
the full phase range of the LC-SLM was not exploited and due to the simplicity of the
recompression procedure. A logical next step would thus be to develop an improved pulse
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compression scheme that makes use of the full potential of the pulse shaper and is capable
of compensating for arbitrary spectral phase distortions. A possible approach would be to
optimise the applied phase pattern by means of an evolutionary algorithm. Considering
the flexibility of the pulse shaper, it is expected that nearly bandwidth limited pulses can
be achieved in this way.
Following pulse compression, a next step toward 2D nanoscopy should be to demon-

strate the generation of pulse sequences with control over inter-pulse delay and relative
phases. Special attention should be given to the accuracy of the temporal pulse spacing,
since this is of paramount importance for obtaining clear 2D spectra.
With these steps taken, the pulse shaper will be available for dispersion control and

pulse sequence generation for ultrafast spectroscopy and nanoscopy experiments.
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A. Appendix

A.1. Spectral phase expansion coefficients
The additional spectral phase accumulated by a laser pulse after propagation through
material with refractive index n and thickness d is given by:

ψ(ω) = k(ω)d = ωn(ω)L
c

(A.1)

Commonly, the phase is expanded as a Taylor series around the centre frequency ω0 of
the pulse according to ψ = ∑

n ψn(ω − ω0)n/n!. The coefficients ψi up to third order are
given by:

ψ0 = nω0L

c

ψ1 = nL

c
+ ω0d

c

dn

dω

ψ2 = 2L
c

dn

dω
+ ω0L

c

d2n

dω2

ψ3 = 3L
c

d2n

dω2 + ω0L

c

d3n

dω3

(A.2)

The refractive index and its derivatives are evaluated at the centre frequency ω0. Often,
expressions for the coefficients in terms of the centre wavelength λ0 are useful. These can
be derived directly from the above equations taking into account that

λ = 2πc
ω

and d

dω
= − λ2

2πc
d

dλ
. (A.3)

The resulting expressions for the coefficients ψi are listed below. Again, the refractive
index and its derivatives are taken at the centre wavelength λ0.

ψ0 = 2πnL
λ0

ψ1 = nL

c
− λ0L

c

dn

dλ

ψ2 = λ3L

2πc2
d2n

dλ2

ψ3 = − λ4L

4π2c3

[
3d

2n

dλ2 + λ
d3n

dλ3

]
(A.4)
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A.2. Pulse shaper transfer function
In this section, the derivation of the transfer function of the double liquid crystal mask
in combination with entrance and exit polariser will be demonstrated. The derivation
is based on the Jones formalism, which is used to describe polarised light and the effect
of polarisation optics. An introduction to the formalism is given in reference [45]. We
consider now a monochromatic wave polarised in x-direction propagating along z through
a single pixel of the double mask. The situation is illustrated in figure A.1. The Jones
vector representation of the optical wave is given by

Ein =
(
E0
0

)
ei(ωt−kz). (A.5)

The effect of the whole assembly - polarisers plus LC pixels - on the light wave can
be described in terms of the Jones matrix Jtot of the arrangement. More precisely, the
output field is given by Eout = JtotEin. The matrix Jtot given by the product of the Jones
matrices of the individual components in the setup:

Jtot = JPJBJAJP (A.6)

Here, JP is the Jones matrix of the polarisers and JA and JB denote the Jones matrices
of the first (active axis at −45◦) and second (active axis at +45◦) LC pixel, respectively.
JP is simply given by

JP =
(

1 0
0 0

)
(A.7)

The Jones matrix of the first LC pixels reads:

JA = R(−π/4)
(

1 0
0 e−i∆φ1

)
R(π/4) with R(θ) =

(
cos θ sin θ
− sin θ cos θ

)
(A.8)

Analogously, the Jones matrix of the second LC pixel with its active axis at +45◦ is given
by

JB = R(π/4)
(

1 0
0 e−i∆φ2

)
R(−π/4). (A.9)

The Jones matrices of the LC pixels are given by the Jones matrix of a wave retarder
introducing a phase delay ∆φA/B. However, since the active axes are rotated by ±45◦, a
coordinate transformation is applied to obtain the corresponding Jonas matrices in the
reference coordinate system (indicated in figure A.1). Compiling the above results gives
the Jonas matrix of the complete assembly:

Jtot = 1
2

(
e−i∆φA + e−i∆φB 0

0 0

)
(A.10)

Applying this transfer matrix to the input field gives the following output:

Eout = cos
(

∆φA −∆φB
2

)
exp

(
−i∆φA + ∆φB

2

)
Ein (A.11)

The key points are that the amplitude is modulated according to cos
(

∆φA−∆φB

2

)
and that
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a phase retardation ∆φA+∆φB

2 has been introduced, i.e. equation A.11 describes an output
field that has been shaped with respect to phase and amplitude. Notably, the amplitude
modulation is governed by the sum of the phase shifts φA/B while the introduced spectral
phase is determined by their sum. This enables independent phase and amplitude shaping.

Figure A.1.: Schematic drawing of a setup for phase and amplitude shaping with liquid crystal
modulators. The assembly consists of an entrance polarisers, two pixelated liquid crystal masks
(only a single pixel shown here) and an exit polariser. The active axis (see main text) of the
masks are at ±45◦ with respect to the x-axis.

A.3. Pulse shaper dispersion law
The dispersion law p(λ) of the pulse shaper, i.e. the lateral displacement of the spectral
components at the LC-SLM, can be derived from the dispersion law of a prism and simple
geometrical considerations.
The pulse shaper dispersion law is based on the law describing ray deflection by a prism.

A ray incident at an angle θi is deflected by an angle θd given by

θd(λ) = θi − α + arcsin
[√

n(λ)2 − sin2(θi) sin(α)− sin(θi) cos(α)
]
. (A.12)

The situation is shown schematically in figure A.2. α is the apex angle of the prism and
n(λ) is the wavelength dependent refractive index of the prism material. Equation A.12
can be derived by applying Snell’s law twice, once at each boundary. In the pulse shaping
setup, the ingoing beam is dispersed by the prism and the spectral components propagate
in diverging directions until they are re-collimated by the focusing mirror, after which
they propagate in parallel fashion. The lateral displacement d(λ) of a spectral component
with respect to the center line of the setup is therefore the same at the focusing mirror
and at the SLM. The displacement d(λ) is given by d = f tan δ(λ) (see figure A.3) with
the focal length f . δ is the angle that a deflected spectral components makes with the
z-axis. It is related to the angle of incidence θi at the prism and the deflection angle θd
via

δ = θd − θi + α + β − π

2 . (A.13)

The situation is illustrated in figure A.3. The angle β describes the orientation of the
prism. By inserting the expression for θd given in equation A.12 one arrives at the following
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expression for the angle δ:

δ(λ) = β − π

2 + arcsin
[√

n(λ)2 − sin2(θi) sin(α)− sin(θi) cos(α)
]

(A.14)

The position p(λ) of a single spectral components in units of pixels at the SLM can then
be expressed as

p(λ) = p0 + ηf tan [δ(λ)] (A.15)

Here, f is the focal length, η = 10/mm is the density of pixels and p0 the pixel hit by the
spectral component that propagates in z-direction (δ = 0) directly after the prism. For
simplicity, it was assumed that the SLM was perfectly centered, i.e. p0 = 320.

Figure A.2.: Deflection of a ray by a prism.
θi is the angle of incidence, θd denotes the an-
gle of deflection. The wavelength dependent
refractive index of the prism material is de-
noted n(λ) and α is the apex angle. The re-
fractive index of the surroundings is assumed
to be unity in all calulations.

Figure A.3.: Schematic illustration of a light
ray being deflected by the prism and sent to
the focusing mirror in the pulse shaping setup
(intermediate folding mirror omitted). Pa-
rameters relevant for calculating the lateral
displacement d of a single spectral component
at the focusing mirror are shown. The angles
α, θi and θd are the same as in figure A.2. β
describes the relative orientation of the prism
and the SLM mask. δ is the the angle which
the ray makes with the z-direction.
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