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Chapter 1
Introduction

1.1 Optical microscopy

Light and matter are two of the fundamental concepts in the universe
which we experience daily. It is due to the (elastic) scattering of light
by matter, first described by Lord Rayleigh [1, 2] and Gustav Mie [3],
that we can use our eyes to observe the world around us. When light
and matter interact, their properties can be altered, and this allows us
to learn more about either the light or the matter in question.

Advances in lens fabrication around the year 1600 paved the way for
the first telescopes and microscopes to be constructed. These first op-
tical imaging devices allowed the study of objects which are impossible
to observe with the naked eye, such as the planets in our solar system
and their satellites, or very small objects, such as cells and microbes.
It was Antonie van Leeuwenhoek who significantly improved the micro-
scope over the following decades, using a single lens design. He used his
microscopes for biological imaging and some of the samples he observed
include red blood cells, bacteria and human sperm.

The microscopes used by Antonie van Leeuwenhoek generated con-
trast based on differences in the absorption of light in the sample. It
took until the twentieth century for microscopy techniques based on
other contrast mechanisms to be developed. One of the first new op-
tical microscopy techniques, developed around 1930, was fluorescence
microscopy, in which the contrast is based on the presence of fluorescent
molecules. Fluorescence had already been observed in the nineteenth
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Chapter 1

century and was described by Sir George Stokes in 1852 [4], but it took
until around 1930 for fluorescent molecules to be used for staining of
biological samples.

To generate fluorescence, a photon is absorbed by a molecule, ex-
citing the molecule to an electronic excited state. Some of the energy
is lost non-radiatively as the molecule relaxes to the lowest level elec-
tronic excited state, after which a longer wavelength photon is emitted
as the molecule decays back to the ground state. Fluorescent molecules
can be engineered to bind to certain types of molecules, which can sub-
sequently be imaged selectively. The ability to obtain selectivity based
on the chemical properties of a substance is a valuable tool and one of
the main reasons why fluorescence microscopy has become a widely used
microscopy technique [5, 6, 7]. However, fluorescent marker molecules
are often toxic and may influence the sample. Furthermore, fluorescence
from other compounds in the sample will diminish the contrast.

Spontaneous Raman microscopy overcomes some of the disadvant-
ages of fluorescence microscopy. It was developed around the same time
as fluorescence microscopy, after the Raman effect had been observed by
Sir Chandrasekhara Raman in 1928 [8]. In spontaneous Raman scatter-
ing, a photon interacts with the molecule and a lower wavelength photon
is scattered as the molecule transitions to a vibrational state. The en-
ergy difference between the incident photon and the scattered photon
is converted into a vibrational motion of the molecule and corresponds
to the energy of a vibrational level of the molecule. Since the energies
of the vibrational levels of a molecule depend on its chemical structure,
this method provides chemical contrast. Spontaneous Raman scattering
thus provides chemically selective imaging without the need for fluores-
cent markers. Only a very small fraction of incident photons is Raman
scattered, leading to long acquisition times.

A few years after fluorescence microscopy and spontaneous Raman
microscopy had started to become established tools, Frits Zernike in-
troduced phase contrast microscopy [9], in which the contrast is based
on phase differences in the transmitted light caused by differences in re-
fractive index in the sample. To visualize the phase differences, Zernike
combined the transmitted beam with a reference beam, leading to in-
terference due to the phase differences accumulated in the sample.

2
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Figure 1.1: (a) Two periods of a sine wave, corresponding to 4π phase.
(b) The progression of the phase in (a) as a function of time.

1.2 Phase and interference

Phase and interference are two concepts which play a crucial role in
Zernike’s phase contrast microscopy, as well as the new microscopy tech-
niques described in this thesis. They are best understood by considering
light as an electromagnetic wave. We consider a simple sine wave, as
shown in figure 1.1. Such a wave can be described with a number of
parameters, such as the amplitude and wavelength (or frequency) of the
wave. Another important parameter is the phase of the wave. The phase
indicates the position in a cycle, going from 0 to 2π over a full oscillation.

If we consider two waves of the same frequency, the phases will pro-
gress at the same rate. There can be a constant phase difference between
the two waves, which can range from 0 to 2π. If these two waves are su-
perimposed, the combination is equal to the algebraic sum of both waves
[10]. The phase difference between the two waves determines whether
there will be constructive interference (0 phase difference, figure 1.2(a))
or destructive interference (π phase difference, figure 1.2(b)) or anything
in between. Hence, control over the phase difference between the two
waves provides control over the amplitude of the combined wave.

Femtosecond modelocked laser pulses contain many different frequen-
cies of light (±2 ∗ 105 in our case). These different frequencies have a
fixed frequency-phase relation, leading to a pulsed output. The phase
of the different frequencies progresses at different rates. There can also
be a phase offset with respect to the envelope of the laser pulse for
the different frequencies, which determines when the different frequen-
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Figure 1.2: (a) Two sine waves (red and blue, dashed) with 0 phase
difference undergo constructive interference. The result is a wave with
double the amplitude (black). (b) Two sine waves (red and blue) with
a π phase difference undergo destructive interference. The two waves
cancel each other out completely and the result is zero (black).

cies interfere constructively or destructively. If this phase difference
between the different frequencies is zero, a very short pulse, also called a
transform-limited or Fourier-limited pulse, is produced (figure 1.3(a,c)).
By changing the phase differences between the different frequencies, the
shape of the laser pulse can be changed, as shown in figure 1.3(b,d). Us-
ing the phase to control the laser pulse and the phase of generated light
forms the basis of the microscopy techniques described in this thesis.

1.3 Nonlinear microscopy

The invention of the laser by Theodore Maiman in 1960 [11] provided
high intensity, collimated, coherent light, opening the door for the de-
velopment of nonlinear microscopy techniques, which are based on the
simultaneous absorption of multiple photons. Many nonlinear micro-
scopy techniques were developed to provide contrast based on various
sample properties and/or to circumvent limitations of the linear micro-
scopy techniques. An advantage of nonlinear microscopy techniques is
that they are inherently confocal, due to their nonlinear intensity de-
pendence. A confocal microscope has increased depth-resolution due to
the reduction in contributions from regions of the sample that are (axi-
ally) out of focus.

The lowest order nonlinear microscopy techniques require two photons
and include second harmonic generation and two-photon fluorescence.
Second harmonic generation microscopy provides contrast based on the
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second order nonlinear susceptibility of the sample and is often used
for the imaging of collagen. The second order nonlinear susceptibility
requires non-centrosymmetry in the molecular structure, which is effect-
ively negligible in most materials.

In two-photon fluorescence [12], a fluorescent molecule is excited by
the simultaneous absorption of two photons. The energy required to
excite the fluorescent molecule is now provided by two photons instead
of one photon, so typically lower frequency (near infrared) light is used.

Third order nonlinear microscopy techniques include third harmonic
generation [13], which reveals interfaces and inhomogeneities in samples,
and several Raman-based techniques. Nonlinear Raman techniques pro-
vide contrast based on the vibrational response of the sample, similar to
spontaneous Raman scattering. In this thesis I will focus on two nonlin-
ear Raman techniques, namely stimulated Raman scattering (SRS) and
coherent anti-Stokes Raman scattering (CARS), which coherently stim-
ulate the Raman process, leading to chemically selective detection with
faster acquisition times. CARS and SRS have generated a lot of interest
over the last decades for a variety of applications, including gas-phase
thermometry [14, 15, 16, 17] and biomedical imaging [18, 19, 20, 21, 22].

1.4 Thesis overview

This thesis describes new broadband techniques for coherent Raman
scattering (CRS). These broadband CRS techniques are able to obtain
chemically selective information from a sample by probing multiple vi-
brational resonances simultaneously. A broadband stimulated Raman
scattering (SRS) approach, based on a common-path interferometer, is
introduced as well as a broadband coherent anti-Stokes Raman scatter-
ing (CARS) approach. Our broadband CARS approach uses spectral
phase shaping to influence the interference between different pathways
that lead to the same generated CARS wavelength.

With our broadband CRS techniques we aim to create powerful imag-
ing techniques for use in biomedical imaging, high throughput screening,
and novel material characterization. Ideally, such a technique provides
high contrast non-invasive imaging with low acquisition times and a high
degree of sensitivity and chemical selectivity, whilst being free of inter-

6



Introduction

fering background signals. Preferably, such a technique is low cost and
easy to use to facilitate widespread use. The CRS techniques presented
in this thesis resolve some of the drawbacks of conventional CRS imple-
mentations and represent a big step forward towards the goal of such an
ideal imaging technique.

Chapter 2 contains the theory behind narrowband and broadband
SRS and CARS. Furthermore, the advantages of spectral phase shaping
for broadband CARS are explained and the possibility of non-resonant
background suppression and chemically selective imaging are treated
theoretically, using an intuitive shaping strategy based on π and 2π
phase steps.

Chapter 3 presents a new broadband SRS approach, based on
common-path interferometry. In this common-path interferometer, or-
thogonal polarization states are used to generate SRS in one polariza-
tion, whilst the other polarization is used as a reference. Our broadband
SRS approach provides modulation free, spectrally resolved detection of
the SRS signal. The results of this technique are presented as well as
suggestions on improving this technique.

Chapter 4 covers a numerical study on optimizing the spectral
phase for broadband CARS to obtain high contrast chemically select-
ive imaging. Numerical optimization of the phase is performed using
an adaptive algorithm known as covariance matrix adaptation evolution
strategy (CMA-ES). The robustness of this optimization approach to
homodyne mixing and phase noise is treated. Furthermore, a study on
improving the shape of the optimization landscape around the optimum,
by modifying the basis set of parameters that describe the phase func-
tion, is presented.

Chapter 5 contains the results of phase shaped broadband CARS
experiments. The results for the shaping strategies based on π and 2π
phase steps, as outlined in chapter 2, are presented. Furthermore, chem-
ically selective imaging based on experimental optimization of the phase
profile using CMA-ES is shown, including selective imaging in samples
containing up to five resonant compounds.

7
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Chapter 2
Broadband coherent Raman
scattering

Raman interactions occur between light and the vibrational resonances
within a molecule. This chapter introduces the Raman effect and covers
two coherently stimulated Raman processes, namely stimulated Raman
scattering (SRS) and coherent anti-Stokes Raman scattering (CARS).
The more conventional narrowband implementations of CARS and SRS
are covered, as well as various extensions of these techniques using broad-
band excitation. Our broadband CARS approach is explained in detail,
as well as the influence that spectral phase shaping of the excitation
pulses has on the CARS signal and how it can be used to suppress the
non-resonant background and obtain chemically selective imaging.

9
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2.1 Interaction of light and matter

2.1.1 Introduction

Light can be described as an electromagnetic wave, that interacts with
the electrons surrounding atoms. In molecules, we can describe this
interaction by the polarizability. In linear optics the polarizability is
linearly related to the field strength and can be described as shown in
equation 2.1 [23].

P̃ (t) = χ(1)Ẽ(t) (2.1)

where P̃ (t) is the linear polarizability, Ẽ(t) is the time dependent elec-
tric field of the incident light wave, and χ(1) is a material dependent
property, known as the linear susceptibility. χ(1) is a tensor of rank 2,

but in this case we limit the discussion to the χ
(1)
11 tensor element and

describe χ(1) as a constant.

There are also higher order contributions to the polarizability how-
ever, that depend nonlinearly on the incident field strength. These
higher order contributions can be included by expanding the polarizabi-
lity as a power series with respect to the field strength Ẽ(t), as shown
in equation 2.2.

P̃ (t) = χ(1)Ẽ(t) + χ(2)Ẽ2(t) + χ(3)Ẽ3(t) + . . . (2.2)

≡ P̃ (1)(t) + P̃ (2)(t) + P̃ (3)(t) + . . . (2.3)

where P̃ (t) is the total polarizability, χ(1) is the linear susceptibility of
the molecule, χ(2) and χ(3) are the second and third order nonlinear
susceptibility respectively, and Ẽ(t) is the field strength of the incident
lightwave.

The polarizability can subsequently be separated into the different
orders of contributing terms, as shown in equation 2.3. The nonlinear
susceptibilities (χ(2), χ(3), · · · ) decrease rapidly with increasing order
and only become relevant when a high intensity light source is used.
Since the invention of the laser [11], which provides high intensity co-
herent light, these effects have become more readily observable.

The first term, P̃ (1), is the linear polarizability, as in equation 2.1.
The second term, P̃ (2), is the second order nonlinear polarizability, which
scales quadratically with the field strength. This term is zero in most

10
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cases, except in non-centrosymmetric environments, such as in certain
crystals or at the interface between two different materials. Second or-
der nonlinear optical effects, such as second harmonic generation and
sum-frequency generation, occur only when P̃ (2) is non-zero.

The third order nonlinear polarizability, P̃ (3), is the next lowest or-
der nonlinear contribution to the polarization. Contrary to P̃ (2), P̃ (3)

is significant in almost all materials. The third order nonlinear polari-
zability gives rise to a large number of nonlinear effects, including third
harmonic generation, the optical Kerr effect, cross-phase modulation,
and four-wave mixing. An interesting subset of the third order nonlin-
ear optical effects is the set of Raman-based effects. These effects rely
on the interaction between photons and the vibrational motion of a mo-
lecule.

2.1.2 Spontaneous Raman scattering

The spontaneous Raman effect was discovered by C.V. Raman in 1928
[8] and can be observed by illuminating a sample with monochromatic
light and collecting the scattered light. If the collected light is resolved
spectrally, light of a lower frequency than the incident light can be de-
tected. This lower frequency light is generated due to an interaction be-
tween the incident light and the molecules in the sample. If a photon is
scattered by the molecule, its frequency will generally remain unaltered
(Rayleigh scattering). A small amount of photons will scatter inelast-
ically, in which case the remaining energy from the absorbed photon
is converted into a vibrational motion of the molecule. This is called
(spontaneous) Raman scattering.

We can describe the vibrational response of a molecule using a mass-
spring system as a simplified model of the induced dipole. Each vibra-
tional resonance has a specific frequency, that depends on the polariza-
bility of the molecule. This polarizability is affected by the presence of
nuclear normal modes [24]. Heavy atoms and weak bonds will generally
result in a lower frequency of vibration, while light atoms and strong
bonds will result in a higher frequency of vibration. The vibrational
frequency can also be influenced by neighbouring (groups of) atoms or
molecules [25].

In a time-invariant model, where there is no cross-coupling between

11
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resonances, we can model the vibrational response of a molecule as a sum
of individual harmonic oscillator responses with different amplitudes
(AR), resonance frequencies (ωR) and linewidths (γR). The spontan-
eous Raman scattering signal is proportional to the imaginary part of
this vibrational response, as shown in equation 2.4.

IRaman ∝ �(χ(3)) = �(
∑
R

AR

ω2
R − ω2 − iγRω

) =
∑
R

ARγRω

(ω2
R − ω2)2 + γ2Rω

2

(2.4)

The spontaneous Raman scattering signal is generated at Stokes-
shifted frequencies, ωs, which are determined by the frequencies of the
vibrational resonances of the molecule (ωR) and the excitation (pump)
frequency (ωp), as shown in equation 2.5.

ωs = ωp − ωR (2.5)

2.2 Coherent Raman scattering

Spontaneous Raman scattering (figure 2.1(a)) is very useful for collect-
ing vibrational information from a sample, and the entire vibrational
spectrum can be obtained in a single measurement. Due to the low
scattering cross section, only a small fraction of the incident light is Ra-
man scattered. Instead of collecting the spontaneous Raman scattering,
the scattering process can be stimulated coherently. In sections 2.2.1
and 2.2.2 two coherently stimulated Raman processes, namely stimula-
ted Raman scattering and coherent anti-Stokes Raman scattering, are
described. These two stimulated Raman processes have generated a lot
of interest over the last decades for a variety of applications, including
biomedical imaging [18, 19, 20, 21, 22].

2.2.1 Stimulated Raman scattering

In stimulated Raman scattering (SRS) [26] two coherent light sources
of different wavelengths are used. The lower wavelength light is labeled
the ‘pump’ and the higher wavelength light is labeled the ‘Stokes’. If
the frequency difference between the pump and the Stokes matches the

12
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Virtual states

Vibrational states

Electronic

ground state

Ω

ωp
ωs

(a) (b) (c)

ωp ωs
ωp ωs

ωp ωas

(d)

ωp
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Figure 2.1: Energy diagrams for (a) spontaneous Raman scattering, (b)
stimulated Raman scattering, (c) coherent anti-Stokes Raman scattering,
and (d) non-resonant four-wave mixing.

frequency of a vibrational resonance in the molecule, there will be stimu-
lated population transfer from the ground state to the vibrational state.
This process occurs via the absorption of a pump photon, and a stimu-
lated emission at the Stokes wavelength, as shown in figure 2.1(b).

The increase in Raman scattered light when the frequency difference
between the pump and the Stokes matches with a vibrational frequency,
manifests itself as a loss of pump photons and a gain of Stokes photons.
Even though the Raman scattering is stimulated, the loss on the pump
beam and the gain on the Stokes beam are still small (<10−4). Detect-
ing this change in intensity is challenging, but can be accomplished by
high frequency modulation of one of the beams and lock-in detection of
the other beam [20, 27].

2.2.2 Coherent anti-Stokes Raman scattering

Another coherent Raman scheme that has found widespread use is coher-
ent anti-Stokes Raman scattering (CARS) [18, 28], of which the energy
diagram is shown in figure 2.1(c). In CARS, three input fields combine
to form an anti-Stokes shifted output field, as shown in equation 2.6.
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ωas = ωpump − ωStokes + ωprobe (2.6)

kas = kpump − kStokes + kprobe (2.7)

The anti-Stokes signal is blue-shifted with respect to the input wave-
lengths and can be detected by spectral filtering, providing easier detec-
tion compared to SRS. Since the output field is blue-shifted from the
input fields, CARS is inherently free from one-photon fluorescence. The
anti-Stokes output is resonantly enhanced when the difference in fre-
quency between the pump and the Stokes matches with a vibrational
resonance of the molecule. Since CARS is a parametric process there is
also conservation of momentum, as shown in equation 2.7. The conser-
vation of momentum means the output field is directional and that it
can be easily collected using a microscopy objective, facilitating easier
detection compared to spontaneous Raman scattering. The pump and
probe frequencies are generally chosen to be degenerate, since this re-
duces the required number of coherent light sources to two. Most CARS
implementations use near-infrared excitation light to avoid electronic
excitation in the sample and limit photothermal damage [18].

Alongside the CARS process, another four-wave mixing process oc-
curs, as shown in figure 2.1(d), that also generates a signal at the anti-
Stokes wavelength. This four-wave mixing process generates signal even
in the absence of any vibrational resonances, which means that it consti-
tutes an unwanted non-resonant background in the CARS signal. This
non-resonant background has a flat phase response. Furthermore, there
is homodyne mixing between the resonant and non-resonant contribu-
tions to the CARS signal, as shown in equation 2.8.

ICARS(ω) ∝
∣∣∣χ(3)(ω)

∣∣∣2

=
∣∣∣χ(3)

R (ω)
∣∣∣2︸ ︷︷ ︸

(Resonant)

+
∣∣∣χ(3)

NR

∣∣∣2︸ ︷︷ ︸
(Non−Resonant)

+2χ
(3)
NRRe

[
χ
(3)
R (ω)

]
︸ ︷︷ ︸

(Mixing)

(2.8)

Many techniques have been developed to suppress or remove this
non-resonant background, including heterodyning [29, 30], spectral phase
and polarization shaping [31, 32], time-delayed detection [33, 34], fre-
quency modulation [35], and polarization-based detection [36, 37].
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2.2.3 CARS, SRS, and spontaneous Raman

CARS and SRS provide faster detection compared to spontaneous Ra-
man scattering, due to the increase in generated signal. SRS and CARS
have a nonlinear intensity dependence, opposed to the linear intens-
ity dependence of spontaneous Raman scattering. Spontaneous Raman
scattering and stimulated Raman scattering have a linear concentration
dependence (equations 2.9 and 2.10). The dependence of the CARS
signal on the concentration is not trivial however, due to the homo-
dyne mixing with the non-resonant background (equation 2.8). In the

case of strong resonant scattering, the |χ(3)
R |2 term dominates and the

CARS signal depends quadratically on the concentration. In the case
of weak scattering and/or a strong non-resonant background, the homo-

dyne mixing term, 2χ
(3)
NRRe[χ

(3)
R (ω)], dominates and the CARS signal

will depend linearly on the concentration (equation 2.11) [38].

IRaman ∝ N ∗ Ipump (2.9)

ISRS ∝ N ∗ Ipump ∗ IStokes (2.10)

ICARS ∝ Nα ∗ Ipump ∗ IStokes ∗ Iprobe, 1 ≤ α ≤ 2 (2.11)

where N is the number of oscillators, α is a constant, and I denotes the
intensities of the various input and output beams.

The signal from SRS and CARS is generally much stronger than the
spontaneous Raman scattering signal, which is critical for fast (realtime)
imaging. The main disadvantage however is that the CARS and SRS
techniques we have considered here only provide information based on a
single vibrational resonance at a time, where spontaneous Raman scat-
tering yields information on the full vibrational spectrum. One would
like to combine the speed of SRS and CARS with the ability to ob-
tain information based on multiple resonances such as in spontaneous
Raman scattering. Sections 2.3 and 2.4 focus on broadband SRS and
broadband CARS respectively, where multiple resonances are excited
simultaneously using femtosecond laser pulses.

2.3 Broadband SRS

To increase the selectivity and specificity, one would like to obtain in-
formation based on multiple resonances, which can be excited simul-
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taneously using broadband excitation. With a broadband pump and a
narrowband Stokes, or a broadband Stokes and a narrowband pump,
each frequency in the broadband pulse generates a unique difference
frequency in combination with the Stokes. The narrowband pulse ef-
fectively projects the complete bandwidth of the broadband pulse onto
the frequency region of the vibrational resonances. Every resonance fre-
quency thus corresponds to a single frequency in the broadband pulse
and therefore every resonance shows up as a loss or a gain at a specific
frequency in the broadband pulse.

To detect the frequencies of the different vibrational resonances, the
loss or gain in the broadband pulse has to be detected in a spectrally
resolved manner. Spectrally resolved detection is possible but requires
careful consideration of the choice of detector [39]. Similar to narrow-
band SRS, lock-in based detection could be used to improve the signal-
to-noise ratio of the detected signal. Spectrally resolved lock-in amplified
detection is not trivial however and has to our knowledge not been re-
ported for SRS to this date. A broadband SRS technique based on a
single phase shaped broadband pulse has been reported by Silberberg et
al. [40].

In chapter 3 a new broadband SRS approach based on a polariza-
tion based common-path interferometer is presented. Our SRS approach
relies on a common-path interferometer, using polarization selection to
reject most of the excitation background, and does not require modula-
tion or lock-in amplified detection.

2.4 Broadband CARS

Instead of using narrowband pulses for CARS to excite a single res-
onance, as described in section 2.2.2, it is possible to use one or more
broadband pulses instead. By using one or more broadband excitation
pulses, multiple vibrational resonances can be accessed simultaneously.
Several broadband CARS schemes have been developed, using different
combinations of narrowband and broadband pulses.

In multiplex CARS [41, 42, 43, 44], a broadband pulse is used as
Stokes, while the pump and probe are narrowband, as shown in fig-
ure 2.2(a). The combination of a narrowband pump and broadband
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Figure 2.2: Energy diagrams for (a) multiplex CARS, (b) broadband
pump and probe CARS, and (c) non-resonant four-wave mixing with a
degenerate broadband pump and probe.

Stokes excites a broad band of vibrational resonances. The narrow-
band probe ensures a narrowband anti-Stokes shifted CARS signal from
every resonance that is probed. These resonances show up on a non-
resonant background signal that is generated over the full bandwidth of
the broadband pulse. Several techniques have been reported to retrieve
the resonant signal and remove the non-resonant background from such
a spectrum [45, 46, 47].

In single pulse CARS [31], the pump, Stokes, and probe are all ob-
tained from a single broadband pulse. Different frequency pairs in the
broadband pulse can combine to form the same difference frequency. By
adjusting the relative phase between these frequency pairs, their interfer-
ence at the difference frequency can be influenced. For higher difference
frequencies, fewer and fewer frequency pairs contribute and the resolu-
tion progressively degrades.
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In this thesis a broadband CARS approach based on a degenerate
broadband pump and probe pulse in combination with a narrowband
Stokes pulse is presented (figure 2.2(b)). In our approach, the combin-
ation of a broadband pump and a narrowband Stokes excites a broad
band of vibrational resonances, which are probed by the (degenerate)
broadband probe pulse, providing a near constant resolution. There are
different combinations of pump and probe frequencies, which result in
the same anti-Stokes frequency, but have a different intermediate state
near or on the vibrational states. This leads to interference in the CARS
signal caused by the different pathways. The signal from a vibrational
resonance will be distributed over a broad bandwidth by the broadband
probe pulse, meaning that the resonances are not directly apparent in the
detected CARS signal. We apply spectral phase shaping of our broad-
band pump and probe pulse to influence the interferences in the CARS
signal, facilitating chemically selective imaging based on multiple reso-
nances. Our phase shaping approach simultaneously removes the purely
non-resonant background contributions (figure 2.2(c)). A mixing term
between the resonant and non-resonant term remains (see equation 2.8).

2.5 Phase shaped broadband CARS

2.5.1 Introduction

Since CARS is a coherent process, the generated CARS field is influenced
by the spectral phase of the input fields. By controlling the spectral
phase of the input fields, the CARS process can be influenced. Using
phase shaped broadband pulses, selective excitation of Raman levels
[48, 49, 50], improved resolution [51], and nonresonant background re-
jection [32, 52] have been reported.

If we consider a time-invariant model, we can describe the CARS
signal that is generated by convolutions of our input fields, multiplied
by the vibrational response of the molecule, as shown in equation 2.12.

ICARS = |Eas|2 ∝ |((Ep ⊗ ES) · χ(3))⊗ Epr|2, (2.12)

In the case of a narrowband excitation pulse, the convolution can
be approximated by a multiplication in the frequency domain, which
amounts to a frequency shift. For a narrowband Stokes and a broadband
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degenerate pump and probe, equation 2.12 can be simplified to equation
2.13.

ICARS ∝ |(|Ep(ω + ωs)|eiφp(ω+ωs) · χ(3)(ω))⊗ |Ep(ω)|eiφp(ω)|2, (2.13)

χ(3) = χ
(3)
NR + χ

(3)
R = χ

(3)
NR +

∑
R

AR

ω2
R − ω2 − iγRω

In section 2.5.2 phase shaping strategies for our CARS approach,
using a narrowband Stokes and a degenerate pump and probe, are intro-
duced. These shaping strategies are based around π and 2π phase steps
and are used for spectroscopy, chemically selective imaging, and sup-
pression of the non-resonant background contribution. Phase shaping
strategies using more complex phase profiles are presented in chapters 4
and 5.

2.5.2 π phase step

A vibrational resonance is accompanied by a π phase shift over the res-
onance. This phase shift will influence the broadband CARS response
that is generated. By applying a spectral phase to the broadband pump
and probe pulse, the CARS process can be influenced even further. We
use an intuitive shaping strategy based on the π phase step introduced
by a vibrational resonance. By applying a similar, but inverted step
to the broadband pulse, the phase step introduced by the vibrational
resonance will be compensated. We label the applied π phase step as a
‘positive’ π phase step. As an effect of this positive π phase step, de-
structive interference in the resonant CARS signal is minimized, which
causes an increase in overall amplitude.

To visualize the effect of applying a π phase step to the pump and
probe pulse we simulate the CARS signal generated by a single res-
onance. We choose a broadband pump and probe pulse with a center
wavelength of 806.7 nm (12396 cm−1) and a full width at half max-
imum (FWHM) bandwidth of 16.3 nm (250 cm−1). The Stokes pulse
is approximated by a Dirac delta function at 1064.3 nm (9396 cm−1).
A single resonance is simulated with a center frequency of 3000 cm−1

(89.94 THz), and a FWHM bandwidth of 10 cm−1 (0.3 THz). In figure
2.3 the effect of applying a compensating phase step to the pump and
probe pulse is shown. The resonance frequency corresponds to a pump
frequency that is close to the center frequency of the pump pulse (see
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Figure 2.3: (a) -�(χ(3)) (cyan solid) and phase (cyan dashed) of the
vibrational resonance. Furthermore, the pump and probe pulse intensity
(black) and phase (red), shifted by the Stokes frequency, are shown. (b)
CARS spectrum for an unshaped pump and probe pulse (black) and for
a pump and probe pulse with a positive π phase step (red).

figure 2.3(a)). Figure 2.3 shows a large increase in CARS signal due to
the applied phase step.

In figure 2.3 only the resonant contribution to the CARS signal is
shown. There is also a non-resonant contribution, that interferes with
the resonant contribution, as shown in figure 2.4. The total amount of
signal depends on the amount of non-resonant background. Here, we
choose a non-resonant background of 20% (peak to baseline).

Figure 2.4(b) shows a dip in the resonant contribution at the loca-
tion of the phase step. The non-resonant contribution has a peak at the
location of the phase step. Even though the resonant signal is enhanced
by the phase shaping, there is still a substantial non-resonant contribu-
tion to the CARS signal as well.

It should be noted that the non-resonant contribution is unaffected
by the vibrational resonance, and has a flat spectral phase response.
The non-resonant contribution is therefore insensitive to the sign of the
phase profile that is applied to the pump and probe pulse. Applying the
inverse phase profile will thus generate the same non-resonant signal.
By subtracting two spectra obtained with inverse phase profiles from
each other, a difference signal which is free of the purely non-resonant
background can be obtained. The homodyne mixing between the reson-
ant and non-resonant contribution will still be present in this difference
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Figure 2.4: CARS response for a positive π phase step. (a) -�(χ(3))
(cyan solid) and phase (cyan dashed) of the vibrational resonance. Fur-
thermore, the pump and probe pulse intensity (black) and phase (red),
shifted by the Stokes frequency, are shown. (b) Resonant (red) and non-
resonant (green) amplitude (solid) and phase (dashed) of the CARS
signal for a pump and probe pulse with a positive π phase step. The
CARS amplitude for an unshaped pump and probe pulse (black) is shown
for comparison. (c) Total CARS amplitude (red solid) and phase (red
dashed) for a pump and probe pulse with a positive π phase step. The
CARS amplitude for an unshaped pump and probe pulse (black) is shown
for comparison. (d) Total CARS intensity for a pump and probe pulse
with a positive π phase step (red) and for an unshaped pump and probe
pulse (black).
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signal however. Because the mixing term also depends on the resonant
contribution (equation 2.8), it does not cancel out in the subtraction.

By reversing the direction of the phase step, a phase step identical to
the phase step of the molecular resonance is applied to the laser pulse.
We label this step as a ‘negative’ π phase step. In the case of this
negative π phase step, when the phase step of the pump pulse overlaps
with the phase step associated with the molecular resonance, a combined
phase step of 2π is produced. This combined phase profile is similar to
a flat phase profile, except for a region equal in size to the linewidth
of the molecular resonance, where there is a slope in the phase profile.
The 2π slope acts as a differentiator in the convolution with the probe
pulse. So there will be a sharply peaked response when the phase step
of the probe pulse passes this 2π phase step during the convolution. The
CARS signal for this inverted phase step, when centered on the vibra-
tional resonance, can be found in figure 2.5.

Comparing the results for a negative phase step (figure 2.5) to the
results for a positive phase step (figure 2.4) reveals that the non-resonant
contribution remains unchanged, because the sign of the phase step is
irrelevant for the non-resonant contribution as it unaffected by the mo-
lecular resonance. Hence, we can remove the non-resonant background
by subtracting the signals obtained for the positive and negative phase
step from each other, as shown in figure 2.6. Figure 2.6(b) shows the
purely non-resonant background free spectrum, revealing a dispersive
lineshape caused by the homodyne mixing term (equation 2.8).

In the case of a negative phase step applied at the position of the
resonance, the resonant and non-resonant contributions have a peak in
the spectrum at the frequency that corresponds to the molecular res-
onance (figure 2.5(b)). By moving the phase step off the center of the
resonance, a displacement of these features caused by the phase step is
expected.

The non-resonant peak feature is caused by the convolution of the
pump pulse and the probe pulse, which both have the same displaced
phase step. In the convolution of these two pulses, the point where these
phase steps cross is thus displaced twice as far. For a scanning π phase
step this creates a feature that moves at twice the speed of this scanning
phase step. The effect of a displaced phase step on the non-resonant
CARS signal is shown in figure 2.7(c,f). In this case the small deviation
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Figure 2.5: CARS response for a negative π phase step. (a) -�(χ(3))
(cyan solid) and phase (cyan dashed) of the vibrational resonance. Fur-
thermore, the pump and probe pulse intensity (black) and phase (red),
shifted by the Stokes frequency, are shown. (b) Resonant (red) and non-
resonant (green) amplitude (solid) and phase (dashed) of the CARS
signal for a pump and probe pulse with a negative π phase step. The
CARS amplitude for an unshaped pump and probe pulse (black) is shown
for comparison. (c) Total CARS amplitude (red solid) and phase (red
dashed) for a pump and probe pulse with a negative π phase step. The
CARS amplitude for an unshaped pump and probe pulse (black) is shown
for comparison. (d) Total CARS intensity for a pump and probe pulse
with a negative π phase step (red) and for an unshaped pump and probe
pulse (black).
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Figure 2.6: (a) CARS spectrum for a positive (green) and negative
(red) π phase step centered at the resonance. (b) Difference spectrum
(blue) obtained by subtracting the positive step spectrum from the negat-
ive step spectrum. In (a,b) the CARS spectrum for an unshaped pulse is
shown for comparison (black).
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Figure 2.7: CARS fields for a negative π phase step on resonance
(a-c) and off resonance (d-f). (a,d) -�(χ(3)) (cyan solid) and phase
(cyan dashed) of the vibrational resonance. Furthermore, the pump and
probe pulse intensity (black) and phase (red), shifted by the Stokes fre-
quency, are shown. (b,e) Resonant amplitude (red solid) and phase (red
dashed) of the CARS signal for a pump and probe pulse with a negat-
ive π phase step. (c,f) Non-resonant amplitude (green solid) and phase
(green dashed) of the CARS signal for a pump and probe pulse with a
negative π phase step. In (b,c,e,f) the CARS amplitude for an unshaped
pump and probe pulse (black) is shown for comparison.
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in the distance over which the peak in the non-resonant contribution is
shifted is caused by the finite slope of the phase step. For an infinitely
sharp phase step, the displacement of the peak in the non-resonant con-
tribution is equal to twice the displacement of the phase step.

The peak in the resonant signal will be displaced by the same amount
as the phase step, because the moving phase step in the probe pulse is
convoluted with the stationary phase step induced by the vibrational
resonance. For the resonant contribution, the pump pulse is multiplied
by the vibrational response of the molecule before the convolution with
the probe pulse, so if the phase step in the pump pulse is located off-
resonance, it will have no effect, since the amplitude of the molecular
response is zero in that region. The resonances of a molecule have an
intrinsic π phase step in their response however, which is at a fixed loc-
ation. The π phase step in the probe is displaced, while the π phase
step of the molecular response is fixed. The crossing point of both phase
steps in the convolution is thus displaced by the same amount as the
applied phase step. For a scanning π phase step this gives rise to the
resonant feature that is displaced by the same amount as the phase step
in the pump and probe pulse. The effect of a displaced phase step on
the resonant CARS signal is shown in figure 2.7(b,e).

The shape and strength of the features caused by the phase step in
the pump and probe spectrum changes as a function of the location of
the phase step. These changes are also visible in the spectrally integ-
rated CARS intensity. By scanning the phase step through the pump
and probe spectrum, we obtain a graph of CARS intensity as a function
of phase step location, as shown in figure 2.8(a).

It can be seen from figure 2.8(a) that the integrated CARS intensity
as a function of π phase step location yields information on the location
of vibrational resonances. A sharp increase in CARS signal strength
is observed at the location of the resonance. The difference in signal
strength at both sides of the resonance for the negative phase step is
caused by changes in interference caused by the phase shift associated
with the molecular resonance.

As discussed earlier in this section (figure 2.6), we can remove the
non-resonant background by subtracting the signals obtained for the
positive and negative phase step from each other. This procedure can
be done for the integrated intensity as a function of phase step location
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Figure 2.8: (a) Integrated CARS signal as a function of phase step loc-
ation (shifted by the Stokes frequency) for a positive (green) and negative
(red) π phase step. (b) Integrated difference signal obtained by subtract-
ing the intensities for the positive step scan from the negative step scan.
The dashed black lines indicate the center frequency of the vibrational
resonance.

as well, as shown in figure 2.8(b).

The removal of the non-resonant background contribution allows for
detection of very weak resonances, which may not be apparent in the
individual positive and negative step measurements. This effect is illus-
trated in figure 2.9, where the non-resonant background is increased to
200% (peak to baseline).

Figures 2.8(b) and 2.9(b) show that a resonance produces a visible
jump in intensity in the integrated difference signal. Also, the broad
dip in the individual graphs (figures 2.8(a) and 2.9(a)), caused by the
interference in the non-resonant signal, is no longer visible, because the
non-resonant contributions cancel.

In the case of multiple resonances, every resonance generates its own
peak in the integrated signal. Strong resonances can hinder the detec-
tion of weaker resonances in the integrated signal, as illustrated in figure
2.10. In this case, three resonances are simulated, with center frequen-
cies of 2980 cm−1, 3000 cm−1, and 3050 cm−1, FWHM linewidths of 10
cm−1, 10 cm−1, and 20 cm−1 and relative strengths of 0.3, 1, and 0.5,
respectively.
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Figure 2.9: (a) Integrated CARS signal as a function of phase step
location (shifted by the Stokes frequency) for a positive (green) and neg-
ative (red) π phase step in the case of a weak resonance. (b) Integrated
difference signal obtained by subtracting the intensities for the positive
step scan from the negative step scan. The dashed black lines indicate
the center frequency of the vibrational resonance.
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Figure 2.10: (a) Integrated CARS signal as a function of phase step
location (shifted by the Stokes frequency) for a positive (green) and neg-
ative (red) π phase step in the case of three resonances. (b) Integrated
difference signal obtained by subtracting the intensities for the positive
step scan from the negative step scan. The dashed black lines indicate
the center frequencies of the vibrational resonances.
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Figure 2.11: 2D spectra for a single strong (a-c) and weak (d-f) reson-
ance. (a,d) 2D spectrum for a negative π phase step. (b,e) 2D spectrum
for a positive π phase step. (c,f) 2D difference spectrum obtained by
subtracting the 2D spectrum for the positive phase step from the 2D
spectrum for the negative phase step. The black and white dashed lines
indicate the non-resonant contributions (NR, with slope 2) and the res-
onant contributions (R, vertical and with slope 1).

2.5.3 2-Dimensional spectra

Instead of looking at the integrated CARS signal as a function of phase
step location, it is also possible to analyze the spectrally resolved CARS
signal to find (weak) resonances more easily. This is done by plotting
a 2-dimensional spectrum, with the CARS spectrum on the y-axis and
the frequency of the location of the phase step, shifted by the Stokes
frequency, on the x-axis. The intensity is plotted using a colormap. An
example of such a 2D spectrum is presented in figure 2.11.

In figure 2.11(a,b) a negative and positive π phase step scan are sim-
ulated for a single resonance with a center frequency of 3000 cm−1 and
a FWHM linewidth of 20 cm−1. The resulting 2D spectra have non-
resonant lobes at the edges and a broad non-resonant line with a slope
of 2 in the center. In the 2D spectrum of the positive π phase step scan
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Figure 2.12: 2D spectra in the case of three resonances. (a) 2D spec-
trum for a negative π phase step. (b) 2D spectrum for a positive π phase
step. (c) 2D difference spectrum obtained by subtracting the 2D spectrum
for the positive phase step from the 2D spectrum for the negative phase
step.

there is a vertical distortion of the spectrum at the frequency of the
vibrational resonance (370 THz). Also a line with a slope of 1 is faintly
visible. This line is due to the resonant contribution of the vibrational
resonance and it crosses with the non-resonant line with a slope of 2
(taking the scaling of the axes into account) when the phase step in the
pump and probe pulse overlaps with the vibrational resonance. The 2D
spectrum for the negative phase step shows the same features, but in
this case the sloped resonant line is more pronounced and the vertical
distortion is less visible.

The resonance causes a vertical distortion and a line-shaped deform-
ation with a slope of 1 in the 2D spectrum. The frequency of the res-
onance can be determined either by locating the position of the vertical
distortion or by finding the frequency at which the resonant line (with
a slope of 1) and the non-resonant center line (with a slope of 2) intersect.

The 2D spectra shown in figure 2.11(a,b) are still dominated by non-
resonant background contributions. These non-resonant contributions
can be removed by subtracting the 2D spectrum for the positive and
negative phase step from each other. The resulting 2D difference spec-
trum is shown in figure 2.11(c).

In the case of multiple resonances, each resonance will have its own
vertical and sloped line features (with a slope of 1), as can be seen in
figure 2.12. Three resonances were simulated, with the same parameters
as in section 2.5.2.
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Figure 2.13: 2D spectra in the case of three resonances, using a 2π
phase step. (a) 2D spectrum for a negative 2π phase step. (b) 2D spec-
trum for a positive 2π phase step. (c) 2D difference spectrum obtained
by subtracting the 2D spectrum for the positive phase step from the 2D
spectrum for the negative phase step.

2.5.4 2π phase step

Instead of using a π phase step, it is also possible to use a 2π phase
step. Using the same techniques as for the π phase step (described in
section 2.5.2), resonances can be identified. However, the vertical and
sloped lines caused by the resonant contributions to the CARS signal
are much more pronounced. A 2D spectrum for a 2π phase step scan
on a molecule with three resonances is presented in figure 2.13. The
resonances have the same parameters as in section 2.5.2.

For a 2π phase step, there is a distinct difference compared to a π
phase step. Instead of having both vertical and sloped resonant features
for both the negative step and the positive step, as is the case for a
π phase step, there are only vertical resonant features for the positive
step and only sloped resonant features for the negative step. The 2π
phase step can be considered as a flat phase profile, except for a small
region where it is sloped. The different wavelengths in the pump and
probe pulse can therefore be considered to be in phase, except for the
region where the phase step is located. This reduces the destructive
interference in the generated CARS signal.
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Chapter 3
Cross-polarized broadband
SRS

Stimulated Raman scattering (SRS) is a Raman-based process that has
been gaining interest in recent years for use in spectroscopy and imag-
ing. Most applications use a narrowband approach in which a single
vibrational resonance is imaged at a time. In this chapter a broadband
approach to SRS is described. Instead of using high-frequency optical
modulators, as in most narrowband approaches, we apply a common-
path interferometer based on polarization rejection to detect the broad-
band SRS response. This chapter covers the experimental setup that
was used, the obtained broadband SRS measurements, and suggestions
on how to improve this technique.
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3.1 Introduction

Stimulated Raman scattering (SRS) is a Raman-based technique that
relies on detection of stimulated loss in the pump beam or stimulated
gain in the Stokes beam, as explained in section 2.3. Most SRS tech-
niques to date work by applying a (high-frequency) modulation onto one
of the input beams and detecting the resulting modulation on the other
beam [20] or by spectral phase shaping [40]. Here, we present a different
approach, which is based on common-path interferometry [53]. In this
common-path interferometer, the two branches of the interferometer are
spatially overlapped, which removes interferometric instabilities caused
by for example air flow or temperature gradients.

This novel SRS technique does not require phase or amplitude mod-
ulation of the input beams and subsequently does not require lock-in
amplified based detection. Our approach is broadband, providing spec-
trally resolved SRS data, without the need for a wavelength scannable
excitation source.

3.2 Setup

3.2.1 Working principle

In our common-path interferometer the two different branches of the in-
terferometer are formed by two orthogonal polarization states (+45◦ and
−45◦ linear polarization), which are time delayed with respect to each
other. The two states are formed by letting the input beam propagate
through a birefringent calcite crystal. When the incident polarization is
at a 45◦ angle with respect to the slow and fast axes of the crystal, 50%
of the pulse is projected onto each polarization state (parallel to the fast
and slow axes of the crystal). Furthermore, these pulses will be separ-
ated in time (as shown in figure 3.1), due to differences in group velocity
for the two polarizations, where the amount of separation depends on
the thickness of the birefringent crystal. A second calcite crystal, after
the sample, is oriented such that the alignment of its fast and slow axes
is exactly opposite to the first crystal. If the thickness of the second
crystal matches the thickness of the first crystal, the two pulses gener-
ated in the first crystal are recombined into a single linearly polarized
pulse.
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Figure 3.1: Generation of two orthogonally polarized pump pulses
(black) by propagation through a calcite crystal. There is a 1.67 pico-
second time delay between the two pulses. The 10 picosecond Stokes
pulse, synchronized and polarization matched with one of the pump
pulses, is shown in red for comparison.
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Figure 3.2: (a) Schematic drawing of a Mach-Zehnder interferometer.
BS = Beamsplitter, M = Mirror, ΔA is an element that absorbs at
certain wavelengths. (b) Schematic drawing of a polarization based
common-path interferometer. CC = Calcite crystal, ΔA is an element
that absorbs at certain wavelengths and for only one of the polarizations
in the interferometer. The arrows indicate polarization angles.
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The two orthogonal polarization states can be considered as two
branches in a Mach-Zehnder interferometer, and the two calcite crystals
can be considered as the beamsplitters in the Mach-Zehnder interfero-
meter (figure 3.2(a)). If both branches in a Mach-Zehnder interferometer
are identical, then the two branches will destructively interfere at one
output of the recombining beamsplitter and constructively interfere at
the other output, reconstructing the input state. If an absorption or
optical path length difference is introduced in one of the branches, there
will no longer be complete destructive interference and subsequently
there will be light at both output ports.

In the case of our common-path interferometer, the same effect oc-
curs with the different polarization states (figure 3.2(b)). If one of the
polarizations in the interferometer is affected by an absorption, the two
branches will no longer recombine to the exact input state at the exit
crystal. The input polarization is defined by placing a polarizer in the
pump beam. By placing an analyzer at 90◦ degrees with respect to the
input analyzer, the input polarization is rejected and the transmitted
signal is the signal of the other output port of the interferometer, which
contains only signal caused by the difference in absorption in the two
branches.

In the SRS process, a pump photon is absorbed and a Stokes photon
is emitted, leaving the molecule in a vibrational state. This means that
there is an absorption in the pump beam, which can be detected using
the common-path interferometer, provided that the absorption only oc-
curs in one of the two polarization states. SRS is a polarization depend-
ent process, and the SRS contribution is maximized when the pump and
Stokes beams share the same polarization. The SRS signal is severely
reduced for orthogonally polarized pump and Stokes beams [25]. We
match the polarization of the Stokes beam with one of the polarization
states of the pump beam in the interferometer (meaning it has a linear
polarization that is offset by 45◦ degrees with respect to the incoming
pump beam). Because the two polarization states of the pump beam in
the interferometer are orthogonal, SRS results for only one of the polar-
izations.

The SRS process occurs only for combinations of pump and Stokes
photons that have an energy difference that corresponds to a vibra-
tional resonance. Because the Stokes pulse is narrowband, it can only
generate SRS with a single wavelength pump photon for each different
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Figure 3.3: Schematic drawing of the broadband SRS setup. M = Mir-
ror, DM = Dichroic Mirror, PBS = Glan-Laser Polarizing Beamsplitter,
CC = Calcite Crystal, TCM = Temperature Controlled Mount, OBJ =
Microscope Objective, SAM = Sample, F = Filter, FM = Flip Mirror,
PD = Photodiode.

vibrational resonance. These wavelengths will therefore experience an
absorption due to the SRS process. This absorption will cause the light
at this wavelength to be recombined into a slightly different polarization,
which is not completely rejected by the analyzer. The different vibra-
tional resonances can therefore be detected by looking at the spectrally
resolved output signal after the analyzer.

3.2.2 Overview

The setup uses two oscillators. The first is a Ti:Sapphire oscillator (KM-
Labs) that acts as the pump beam, with a center wavelength around 800
nm, a pulse length of 70 femtoseconds and an average output power of
400 mW at a 80 MHz repetition rate. This oscillator is pumped by
a continuous wave 532 nm laser (Spectra Physics Millennia VI). The
second oscillator is a Nd:YVO4 oscillator (Spectra Physics Vanguard),
which acts as the Stokes beam. This laser has a center wavelength of
1064.3 nm and a pulse length of 10 picoseconds at a 80 MHz repetition
rate and 900 mW average power. The repetition rate of both lasers
is synchronized by a two-stage electronic and optical feedback system,
which is described in section 3.2.3. A schematic representation of the
common-path interferometer setup is shown in figure 3.3.

The calcite crystals (Casix) are 20 mm x 20 mm and 3 mm thick
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and are cut along the α-axis. The crystals are coated with a MgF2 anti-
reflection coating for 760-860 nm. The tolerances on the dimensions of
the crystals are specified to be ±0.1 mm. The calcite crystals are placed
in home-built temperature controlled mounts to control the temperature
within 0.01 ◦C, which influences the applied optical retardance. The dif-
ference between the ordinary and extraordinary refractive index equates
to a time delay between the two pump pulses of 1.67 picoseconds at
room temperature.

The temperature controlled crystal mounts consist of aluminum en-
casings for the crystals, with two embedded temperature sensors. There
are also eight resistors on the outside of the mount, four on each side,
along the edges of the crystal, as shown in appendix B. These resistors
heat the crystal mounts and the crystals inside them. The mounts are
isolated from the optical table by a non heat conducting plastic layer,
to minimize heat leakage into the optical table, and thereby reduce the
current load on the resistors that is required to maintain a stable tem-
perature. The temperature is stabilized using PID controllers (Omron
E5EN-H) on the current supplies (Delta Elektronika ES030-5), and the
signal from temperature sensors inside the mounts is used as feedback
signal. A temperature stability of ±0.01◦C is obtained.

The Glan-Laser polarizers (Thorlabs GL10-B) are calcite-based air-
spaced polarizing beamsplitters, with a specified rejection ratio of 1:105.
The excitation objective is a 0.65 numerical aperture (NA) infra-red ob-
jective (Nachet Pl.Fl.) and the collection objective is a 0.5 NA extra
long working distance objective (Nikon M-plan 40x). The spectrometer
is a silicon based 3648 pixel spectrometer (Avantes AvaSpec-3648-USB2)
with a resolution of 0.32 nm/pixel. An incident power of 100 mW for
the pump beam and 600 mW for the Stokes beam was used.

Using a constant pump amplitude approximation, the expected stim-
ulated Raman gain (and loss) can be calculated for a steady state system
using equations 3.1 and 3.2 [23].

mS(z) = mS(0)e
gIpz (3.1)

ΔIp
Ip

=
ΔIS
IS

=
mS(z)−mS(0)

mS(0)
(3.2)

where mS(0) is the number of photons in the incident Stokes beam,
mS(z) is the number of photons in the Stokes beam after an interaction
length z, g is the Raman gain, Ip is the intensity of the pump beam, and
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Is is the intensity of the Stokes beam.

To estimate the stimulated Raman loss in our experiment we use a
Raman gain of 0.1512 cm/GW. This value is based on the 1.17 cm/GW
Raman gain reported for the 2925 cm−1 resonance of acetone, using
530 nm excitation light [54]. The Raman gain is related linearly to
the scattering cross section, which has a 4th power dependence on the
frequency difference between the excited vibrational resonance and the
pump light [55]. Therefore we scale the Raman gain by a factor of
(12500− 2925)4/(18868− 2925)4 to compensate for the change in pump
wavelength from 530 nm (18868 cm−1) to 800 nm (12500 cm−1). An in-
teraction length of 1.9 μm is chosen, which equals the length of the axial
point spread function for a 0.65 NA objective, and a pump power of 100
mW is used. Using these parameters, the stimulated Raman loss is cal-
culated to be 3*10−8. For our broadband pulsed system the stimulated
Raman loss will most likely be larger due to the increased efficiency of
the SRS process if both the pump and Stokes are pulsed (see equation
2.10). Stimulated Raman loss values of < 10−4 have been reported for
a pulsed picosecond system by Xie et al. [20].

3.2.3 Laser synchronization

Electronic synchronization

To overlap the pulses in time in the sample, it is necessary to synchronize
the repetition rate of both lasers. Our approach is based on a two-stage
feedback system that actively synchronizes the repetition rate of the
Ti:Sapphire oscillator to that of the Nd:YVO4 oscillator. The first stage
is an electronic feedback system, followed by the second stage optical
feedback system.

In the electronic feedback stage, the pulse trains of both lasers are
measured using ultrafast photodiodes. The Ti:Sapphire pulses are meas-
ured using a silicon photodiode and for the Nd:YVO4 oscillator an In-
GaAs photodiode is used, due to the better sensitivity of InGaAs at
1064.3 nm when compared to silicon. The signals from both photodi-
odes are filtered by a low-pass filter with a 91 MHz cut-off frequency,
amplified, and filtered again with a 91 MHz cut-off low-pass filter. The
amplified and filtered signals from both photodiodes are then combined
in a mixer, which extracts the difference between the two signals. The
difference is regulated to zero to avoid sensitivity to amplitude fluctu-
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Figure 3.4: Schematic of the electronic feedback system. Image adapted
from [56].

ations. A schematic of the electronic feedback system is shown in figure
3.4.

First, the difference frequency is manually reduced to less than 20 Hz
by changing the Ti:Sapphire cavity length with a motorized translation
stage underneath the output coupler. Subsequently, the difference sig-
nal is used in a feedback loop that controls two piezo actuators. One of
the piezo actuators is mounted on the output coupler of the Ti:Sapphire
oscillator and is used for low frequency adjustments (<3 Hz), with a
travel range of 30 μm. The other piezo actuator is mounted on the high
reflector of the Ti:Sapphire oscillator and is used for fast adjustments
(>3 Hz), with a travel range of 15 μm. The fast piezo actuator is driven
by the high frequency part of the feedback signal and the slow piezo ac-
tuator is driven by the low frequency part of the feedback signal. With
the repetition rates synchronized, there is a constant time delay between
the two pulse trains. This delay can be adjusted by a patch cable box in
the Ti:Sapphire signal branch, providing a tunable delay of up to 127.5
ns with a 0.5 ns stepsize. Fine adjustments can be made by adjustment
of a tunable low-pass filter in either signal branch. By tuning the cut-off
frequency of the low-pass filter, the phase shift that it applies to the
transmitted signal will change, providing very precise control over the
applied time delay.

With the electronic feedback, there is residual timing jitter between
the pulses, in the order of a couple of picoseconds, and low frequency
drift caused by changes in the pathlength through the coaxial cables
[56]. Because the laser pulses are 70 fs and 10 ps in duration, this tim-
ing jitter will have a substantial effect on the temporal overlap between
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both pulses. Therefore, a second stage stage optical feedback circuit is
used.

Optical synchronization

The optical synchronization is used as a more sensitive feedback mechan-
ism once electronic locking has been obtained. A part of the Ti:Sapphire
laser beam is split off using a pellicle beamsplitter and a part of the
Nd:YVO4 beam is split off using a half-wave plate and a polarizing
beamsplitter cube. These beams are combined, overlapped on a di-
chroic mirror and focused into a BBO crystal, which is set at the optimal
angle for sum-frequency generation between the two beams. The delay
between the oscillators is adjusted such that the pulses overlap in the
BBO crystal, causing sum-frequency light to be generated.

The sum-frequency light is detected on a silicon photodiode. The
excitation light, as well as the second harmonic light that is generated
from both input wavelengths, is rejected by a set of filters in front of
the photodiode (Thorlabs, FEL0450 and FES0500). The photodiode
signal is amplified using a transimpedance amplifier (108 V/A, ±10 kHz
bandwidth) and a controllable DC voltage offset is subtracted from this
amplified signal. This DC offset has an amplitude equal to the average
between the signal for maximum sum-frequency generation and the sig-
nal in case of no sum-frequency generation (zero). The result is a 0V
signal at the point where the Ti:Sa pulse is on the wing of the Nd:YVO4

pulse (see figure 3.5). Depending on the direction of timing drift, this
will cause the amount of overlap between the pulses to either increase
or decrease, which in turn causes the amount of sum-frequency that is
generated to either increase or decrease. This sum-frequency signal is
used in a feedback loop that provides additional timing stability between
the pulses compared to the electronic feedback loop.

Using the optical synchronization, the timing jitter between the two
oscillators is reduced. A reduction of the residual timing jitter to 60 fs
rms in a bandwidth of 0.04 to 100 Hz has been achieved [56].

3.3 Results and discussion

Broadband SRS measurements were performed on pure acetone (≥ 99%,
Sigma-Aldrich). The acetone was placed in a glass cuvette with an inter-
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Figure 3.5: Pulse offset in the optical synchronization, where the Ti:Sa
pulse (black) is on the wing of the Nd:YVO4 pulse (red).

action length of 1 mm. The spectrum of the pump light that is transmit-
ted through the second Glan-Laser polarizer (analyzer) was measured
with and without the Stokes beam present in the sample. The results
are shown in figure 3.6(b). Figure 3.6(a) shows the spectrum of the
pump pulse from the Ti:Sa oscillator, as well as the spontaneous Raman
spectrum from acetone, offset by the frequency of the Stokes pulse.

It can be seen from figure 3.6(b) that pump light is transmitted
through the analyzer even when the Stokes beam is not present in the
sample (black dashed line). The absence of the Stokes beam prevents
stimulated Raman processes from occuring. The pump light that is still
coming through the analyzer can be attributed to a number of causes.

First, the pump beam will be slightly depolarized by the excitation
and collection objective in the interferometer. Without the objectives,
the rejection ratio of the pump light in the interferometer was measured
to be 355:1. With the objectives, the rejection ratio decreases to 130:1.

Another contribution is due to the imperfect recombination of polar-
ization states over the complete spectrum. This imperfect recombination
is caused by a difference in thickness between the two calcite crystals.

Because the calcite crystals are birefringent, they have different re-
fractive indices for the ordinary axis (no) and extraordinary axis (ne).
Since the optical path length is equal to the physical path length times
the refractive index, there is a difference in optical path length between
the different polarizations (travelling along the two different axes) that
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Figure 3.6: Broadband SRS measurement on acetone. (a) Normalized
spectrum of the pump pulse (black) and the spontaneous Raman spectrum
of acetone (blue), shifted by the Stokes frequency. (b) Transmission of
the pump beam through the analyzer with (red, solid) and without (black,
dashed) the Stokes beam present.

is linearly dependent on the length of the crystal. This difference in
optical path length causes a time offset between the two pulses in the
interferometer (Δτ = |ne − no|L/c). If there is a difference in thickness
between the two crystals, the second crystal will no longer compensate
precisely the path length difference that is introduced by the first crystal,
causing the polarization state of the recombined pulse to be misaligned
with respect to the analyzer.

The extraordinary refractive index (ne) also varies with temperature
[57], allowing one to compensate the mismatch in optical path length
difference, induced by the difference in thickness, by applying a temper-
ature difference between the crystals. Unfortunately, this dependence of
the extraordinary refractive index with respect to temperature (dne/dT )
varies as a function of wavelength (see figure 3.7(a)). By changing the
temperature, one therefore also changes the shape of the dispersion curve
dne/dλ. Due to this change in the dispersion curve, tuning the tempera-
ture only compensates the path length mismatch for a single wavelength,
as shown in figure 3.7(b). It can be seen that the residual path length
difference increases for wavelengths that are further away from the wave-
length that is being fully compensated. This effect is responsible for the
dip and two side lobes in the transmitted spectrum.

It can be seen from figure 3.6(b) that there is an increase in tran-
mitted pump light when the Stokes beam is present in the sample. This
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Figure 3.7: (a) Calculated refractive indices for calcite at two tem-
peratures as a function of wavelength, using data from [57]. The ex-
traordinary refractive indices are indicated by the dash-dot lines and the
ordinary refractive indices are indicated by the dashed lines. The red
lines represent calcite at 23 ◦C and the blue lines represent calcite at
60.7 ◦C. (b) Effect of temperature tuning to compensate a thickness dif-
ference between two calcite crystals. The black dashed line indicates the
optical path length difference between the two crystal axes through a 3
mm crystal at 23 ◦C and the the solid green line indicates the optical
path length difference between the two crystal axes through a 3.32 mm
crystal at 60.7 ◦C.
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increase extends over the full spectrum. However, SRS can only occur
when the energy difference between a pump photon and a Stokes photon
coincides with the energy of a vibrational mode in the sample. Since the
bandwidth of the pump pulse is much larger than the the bandwidth
necessary to cover all C-H resonances in acetone (as shown in figure
3.6(a)), SRS can not be accountable for absorbing pump photons over
the entire spectrum of the pump pulse.

There are other nonlinear processes that occur alongside the SRS
process. Because this absorption of pump photons is detected only when
both the pump and the Stokes beam are present in the sample, the pro-
cess that is responsible for the absorption must be a nonlinear process
that involves at least one pump photon and one Stokes photon. Acetone
does not exhibit any second-order nonlinear responses, so this means
the nonlinear process that causes this effect must be of at least third
order. We attribute the absorption of pump photons over the full band-
width of the pump pulse to non-resonant coherent anti-Stokes Raman
scattering (CARS). Because CARS is a parametric process, it contains
a non-resonant component, which is generated using the full bandwidth
of the pump spectrum. This non-resonant CARS therefore shows up as
a loss of pump photons over the full bandwidth of the spectrum.

Even though there is an absorption of pump photons over the entire
spectrum, the absorption of pump photons due to SRS is localized to
wavelengths that match with a vibrational resonance. To better visualize
the absorption of pump photons, we look at the difference in intensity
of the pump light transmitted by the analyzer with the Stokes beam
present and with the Stokes beam not present in the sample and divide
this by the spectrum of the case where there is no Stokes beam in the
sample (equation 3.3). The result is shown in figure 3.8(b). The spectra
obtained with and without the Stokes beam present, from which the
normalized spectrum is obtained, are shown in figure 3.8(a).

Inorm(ω) =
ISRS(ω)− Iref (ω)

Iref (ω)
(3.3)

It can be seen from figure 3.8(b) that there is a small peak around
812 nm, which corresponds to a Raman shift of 2918 cm−1. This peak
is caused by the absorption of pump photons due to SRS at the very
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Figure 3.8: Broadband SRS measurement on acetone. (a) Transmis-
sion of the pump beam through the analyzer with (red, solid) and without
(black, dashed) the Stokes beam present. (b) The normalized difference in
transmitted pump light through the analyzer with and without the Stokes
beam present. The normalized difference is obtained using equation 3.3.
The spontaneous Raman scattering spectrum of acetone (blue) is shown
for comparison.

strong C-H resonance of acetone located at 2923.8 cm−1 [58], showing
the feasability to detect vibrational resonances using our common-path
interferometer broadband SRS approach.

Unfortunately, the detection of vibrational resonances is limited by
the depolarization due to the optics in the interferometer and the deple-
tion of pump photons due to non-resonant CARS. The depolarization by
the optics can be reduced by choosing lower NA microscope objectives
at the cost of a reduction in signal.

To reduce the loss of pump photons by non-resonant CARS, one
can use a narrowband pump pulse in combination with a broadband
Stokes pulse. The non-resonant CARS contribution is governed by the
frequency relation shown in equation 3.4.

ωCARS = ωpump − ωStokes + ωpump (3.4)

The intensity dependence of this non-resonant CARS contribution
is quadratic with respect to pump intensity and linear with respect to
Stokes intensity (equation 3.5).
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ICARS ∝ I2pumpIStokes (3.5)

While the SRS intensity is linearly dependent with respect to both
the pump intensity and the Stokes intensity (equation 3.6).

ISRS ∝ IpumpIStokes (3.6)

In our setup, the broadband pump pulse has a very short duration (±
70 fs) compared to the Stokes pulse (± 10 ps), while the average power
of both beams is of a similar order of magnitude. This means that the
peak power of the pump pulse is much higher than that of the Stokes
pulse. The CARS process scales quadratically with pump (peak) power,
while the SRS process scales linearly with the pump (peak) power. Both
the SRS process and the CARS process scale linearly with respect to the
(peak) power of the Stokes pulse however. Hence it can be concluded
that it is more advantageous to have a narrowband (low peak power)
pump pulse and a broadband (high peak power) Stokes pulse instead.

For every CARS photon that is generated, there is an absorption of
two pump photons as well as the generation of a Stokes photon. There-
fore, the loss caused by non-resonant CARS in the pump beam is twice
as large as the gain in the Stokes beam. It is therefore advantageous to
measure the SRS on the Stokes beam, using a broadband Stokes beam
and a narrowband pump beam.

It can be seen that there is a double advantage to using a narrowband
pump pulse and a broadband Stokes pulse. It is expected that by using
this combination of pulses, the detection sensitivity of this broadband
SRS approach will be significantly enhanced.
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Chapter 4
Numerical optimization of
CARS

CARS, a coherent nonlinear process, depends on the spectral phase of the
applied light fields. Thus, precise control of the spectral phase enables
us to influence the CARS process. In this chapter, an a-priori optim-
ization approach for the spectral phase is described. The spectral phase
can be optimized for different goals, for example obtaining maximum
CARS signal from a single compound, or obtaining a better contrast for
a single compound in a mixture of resonant compounds. To accurately
model the CARS signal, the complex vibrational response of a molecule is
required, which is extracted from spontaneous Raman scattering spectra.
The model of the complex vibrational response is used to calculate and
optimize the CARS signal for a given spectral phase of the input pulses.
The CARS signal in our system is described by a convolution of the
broadband pulse, multiplied by the vibrational response, and the broad-
band degenerate probe pulse. Direct calculation of the optimal excitation
phase involves a deconvolution, which is not unambiguous. Therefore,
we apply a numerical optimization to find the optimal excitation phase.
At the basis of this optimization is a powerful evolutionary algorithm
known as covariance matrix adaptation evolution strategy.
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4.1 Introduction

The CARS process can be influenced by controlling the spectral phase
of one or more of the incident light fields. The challenge is to find the
spectral phase profile that has the desired effect on the CARS signal
generated by a certain (set of) molecule(s). Some of the more useful
goals are maximizing the signal from a certain compound, enhancing
the contrast of a certain compound with respect to other compounds
present in a sample, or suppressing background signals. A number of
approaches can be taken in order to find the optimal spectral phase that
accomplishes the chosen goal.

Perhaps the most obvious approach is to calculate analytically the
optimal phase function. Unfortunately, calculating the CARS response
involves complex valued convolutions. Therefore an analytical solution
requires a deconvolution, which is not unambiguous. One can construct
phase profiles based on an intuitive understanding of the CARS response,
considering isolated resonances. Examples of such phase shapes include
sinusoidal phase [31], which generates a pulse train, linear chirps [59] or
π phase steps (see section 2.5).

It is also possible to use a fully experimental approach, for example
to measure the CARS signal and use it as a feedback parameter in a
closed-loop learning scheme. Such an approach is not guaranteed to
find the global optimum, since the solution landscape can be quite com-
plex and is especially ill-behaved when starting at low fitness values (far
away from the optimum) [60] (see also section 4.6).

Our method combines the main ideas behind both of these approaches.
We use a learning loop to calculate the CARS response of a molecule
for a given set of input fields. This learning loop approach allows us to
numerically pre-optimize the phase shape of our excitation pulse. The
numerically optimized phase may not exactly match the experimental
optimal pulse in the lab but should nonetheless be close to the global op-
timum. The solution landscape is ill-behaved far from the optimum, but
it is smooth close to the optimum [60]. A second stage optimization in
the lab is likely to be more succesful in finding the global optimum when
starting out closer to its vicinity. In this chapter we describe our method
for constructing a model of the complex vibrational response of a mo-
lecule based on spontaneous Raman scattering data and our method of
numerical pre-optimization of the spectral phase of our excitation pulses
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for broadband CARS.

4.2 The complex vibrational response

4.2.1 Modelling the vibrational response

To model the CARS response of a molecule, the complex vibrational
response, χ(3)(ω), is required. The complex vibrational response can
be measured using heterodyne CARS [30], in which case a non-resonant
reference signal is required to calibrate the measured phase. A more dir-
ect method of measuring the complex vibrational response is vibrational
phase contrast CARS (VPC-CARS) [61], in which the reference signal is
created using two competing pathways that interfere on the vibrational
level. Other methods for retrieving the vibrational phase have been re-
ported as well. These methods extract the complex vibrational response
from a measured (broadband) CARS spectrum [45, 46, 47, 62, 63].

In our case, we use spontaneous Raman scattering spectra to de-
termine the complex vibrational response. At first glance, one might
think that spontaneous Raman scattering only yields information about
the amplitude and frequency of vibrational resonances of a molecule
and does not contain any phase information. However, the spontaneous
Raman signal is proportional to the imaginary part of the complex re-
sponse (see equation 4.1), and therefore contains both amplitude and
phase information [64]. The vibrational response (χ(3)) is described by
a fourth rank tensor. Since the off-diagonal elements are very small and
the depolarization ratio is low, we consider only contributions from the

χ
(3)
1111 tensor element in this work.

IRaman ∝ Im(χ(3)) = A(χ(3))sin(φ(χ(3))) (4.1)

The complex vibrational response of a molecule is a sum of differ-
ent vibrational resonances. Since we are considering sample materials
that are either in the solid phase or the liquid phase at room temper-
ature, we do not have to be concerned about the different rotational
levels in each vibrational resonance, since these rotational states will
be homogeneously broadened by a large factor and are not individu-
ally resolvable at room temperature. As explained in chapter 2.1 we
can consider each vibrational resonance as a damped driven harmonic
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oscillator. The complete vibrational response therefore becomes a sum
of damped driven harmonic oscillator functions, with different oscillator
strengths, damping factors and resonance frequencies, combined with a
non-resonant term, as shown in equation 4.2 [23].

χ(3)(ω) = χ
(3)
NR + χ

(3)
R = χ

(3)
NR +

R∑ AR

ω2
R − ω2 − 2iωγR

(4.2)

One can not easily fit the parameters (AR, ωR, γR) of equation 4.2,
because they are not independent of each other. Often, resonances are
overlapping and changing one or more parameters of a single resonance
will modify an extended section of the vibrational response.

A second challenge is the number of unknown parameters that need
to be fitted. Every resonance is described by three parameters and in or-
der to accurately model the vibrational response over a region of several
hundred wavenumbers, often up to 20 or more resonances are required.
Therefore the parameter space that needs to be searched has a very high
number of dimensions. In order to deal with these problem we employ
an evolutionary algorithm to find the resonance parameters. The spe-
cific type of evolutionary algorithm that we employ is covariance matrix
adaptation evolution strategy (CMA-ES) [65].

4.2.2 Covariance matrix adaptation evolution strategy

Covariance matrix adaptation evolution strategy (CMA-ES) is an op-
timization strategy that performs a stochastic search, while updating
the covariance matrix of the optimization parameters. The covariance
matrix contains both the necessary information for a principle compon-
ent analysis, as well as the information on all the pairwise dependencies
between variables. From the covariance matrix, the gradient in all dir-
ections of the search space is determined, which is used to adapt the
direction of the search. CMA-ES also employs step-size control, which
increases or decreases the step size based on the evolution of the search-
path, leading to a fast convergence and preventing the algorithm from
getting stuck in a local optimum early on in the optimization. CMA-ES
is especially useful in the case of non-separability and high dimension-
ality, where a deterministic approach is not feasible, and is robust with
respect to ill-conditioned or noisy functions [66].
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4.2.3 Optimization of the vibrational response model

We consider a sum of harmonic oscillators (equation 4.2) and fit the
imaginary part of this function to the spontaneous Raman spectrum
using CMA-ES. We define the fitness of our solution (which is a meas-
ure for the success of a solution) as the negative of the mean squared
error between the imaginary part of our solution and the normalized
spontaneous Raman intensity (equation 4.3).

F (X) = −
ωmax∑

n=ωmin

( IRaman(n)
IRaman,max

− Im(X(n))2

N
(4.3)

where F(X) is the fitness of the complex solution function X that is be-
ing tested and N is the total number of points between ωmin and ωmax

over which the spontaneous Raman spectrum is defined.

We focus on the region of C-H vibrations, located between 2500 and
3200 wavenumbers. Below 2500 wavenumbers there is a region where
only a select few bonds are resonant, this region is also called the ’silent
region’. At frequencies above 3200 wavenumbers, there are also very
few resonant bonds, the most notable being the O-H water bond [25].
Therefore the C-H vibrations can be considered to be isolated, since in
most materials there are no nearby resonances which influence the vi-
brational response in the C-H region, and we can fit this subsection of
the vibrational response independently.

As an initial guess we start off with a number of resonances, typ-
ically 30 to 50, which are spaced equally over the C-H vibrational re-
gion. CMA-ES is subsequently used to find the optimal values for the
linewidth, damping factor and center frequency of each resonance. The
linewidth γ is constrained between 3 and 50 wavenumbers and the cen-
ter frequency of each resonance is allowed to be shifted up or down by
a maximum of 4 times the spacing between adjacent resonances. In the
case of 35 resonances spread over a 700 wavenumber region, this would
correspond to a maximum center frequency shift of 80 wavenumbers for
each resonance. For the optimization we use 20 parents and a popula-
tion size of 40. An example of measured spontaneous Raman spectra
and their corresponding fits is shown in figure 4.1. It can be seen that
there is a good agreement between the spontaneous Raman scattering
spectra and the obtained fits. The phase that corresponds to the fits
is also shown in figure 4.1, as well as the relative strengths of the reso-
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Figure 4.1: Spontaneous Raman spectra (black) and the imaginary
part of the corresponding fitted function (red) for (a) polystyrene and
(d) polyethene, and the retrieved phase response for (b) polystyrene and
(e) polyethene. In (c,f) the relative strengths of the different resonances
used in the fits are shown.

nances used in the fit.

Since we use a mean squared error function as a fitness value, large
discrepancies between the imaginary part of the fit and the spontaneous
Raman spectrum are heavily penalized. The consequence is that the
fitting of the strongest resonances is prioritized, as this constitutes the
biggest increase in fitness value. If the center frequency of the fitted
resonances is unconstrained, this will shift all these resonances to the
strongest peaks in the Raman spectrum very early on in the optimiza-
tion, leading to a slow convergence when fitting the weaker resonances
later on. To avoid this effect, one would like to constrain the shift of the
center frequency to be no more than the resonance spacing that the fit
starts off with. This constraint requires a very small resonance spacing
to accurately model complex Raman spectra however, corresponding to
a large number of fitting parameters, which also slows down the con-
vergence. The constraints on the center frequency shift and the number
of resonances that are reported earlier in this chapter were empirically
found to produce reasonable results. Other strategies, such as enforcing
a minimum spacing between adjacent resonances, might solve this prob-
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lem as well.

The optimization typically converges in about 2000 generations, de-
pending on the complexity of the vibrational spectrum that is being
fitted. The parameters that are found by the CMA-ES also include res-
onances with very low amplitude, as typically not all initial resonances
are required for an optimal fit. Any resonances with an amplitude smal-
ler than 1% of the strongest resonance are considered to be of minimal
influence and are discarded. Such weak resonances are almost indistin-
guishable from the noise in the spontaneous Raman spectra that we use,
and as such one might be fitting noise instead of actual resonances by
including them.

4.2.4 Non-resonant background

Using the spontaneous Raman spectra, we are able to fit the imaginary
part of the complex vibrational response to the Raman data. Because
the spontaneous Raman spectrum is proportional to the imaginary part
of the vibrational response, any purely real contributions to the vibra-
tional response will not show up in the spontaneous Raman spectrum.
In CARS, the purely real contribution to the vibrational phase response
shows up as a non-resonant background signal (see section 2.2.2). Since
this non-resonant contribution cannot be obtained from the spontan-
eous Raman spectrum, it has to be estimated. It is possible to either
add a non-resonant background that is constant with respect to fre-
quency or a variable non-resonant background function to the obtained
vibrational response model. We use a non-resonant background that
has an amplitude of 20% of the maximum amplitude of the peak of the
imaginary part of the resonant vibrational response and we consider the
non-resonant background to be constant with respect to frequency. The
complex vibrational response is subsequently constructed from the fitted
resonances and the chosen non-resonant background function, as shown
in figure 4.2. The vibrational response is found to be in good agreement
with experimentally obtained values [30].

4.3 Simulating the CARS response

We use a time-invariant model, as described in section 2.5, where the
CARS signal can be described by a series of convolutions between the
input fields and a multiplication with the complex vibrational response
(equation 4.4).
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Figure 4.2: Molecular response of polystyrene with non-resonant back-
ground. (a) Absolute part of χ(3), (b) phase of χ(3), (c) real part of χ(3),
and (d) minus imaginary part of χ(3).
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ICARS(ω) ∝ |[(|Epump(ω)|eiφpump(ω) ⊗ |E∗
Stokes(ω)|e−iφStokes(ω)) ·

χ(3)(ω)]⊗ |Eprobe(ω)|eiφprobe(ω)|2 (4.4)

In the case of a CARS process with a broadband pump and probe
pulse and a narrowband Stokes pulse, this equation can be simplified.
Due to the very narrow bandwidth of the Stokes pulse, it is approximated
by a delta function at the center frequency of the pulse. As a result,
the only effect of the convolution with the Stokes pulse is a convolution
with a delta function, which equates to a frequency shift of the pump
pulse, equal in magnitude to the center frequency of the Stokes pulse.
Equation 4.5 shows the resulting simplified equation for the generated
CARS signal.

ICARS(ω) ∝ |[|Epump(ω + ωStokes)|eiφpump(ω+ωStokes) · χ(3)(ω)]⊗
|Eprobe(ω)|eiφprobe(ω)|2 (4.5)

Calculating the CARS signal is a computationally heavy process due
to the convolution in equation 4.5. Because every point of the spectrum
interacts with every other point, the complexity of a standard convolu-
tion is O(N2). Using the convolution theorem, this can be reduced with
the help of fast Fourier transforms. By using a fast Fourier transform,
multiplication, and inverse fast Fourier transform, the convolution can
be calculated with O(Nlog2(N)) complexity, which is a lot more effi-
cient [67]. To use fast Fourier transforms, the spectra need to be defined
over a number of points that equals 2N , where N is a natural number.
Therefore the spectrum of the pump and probe pulse is defined over 4096
points and the corresponding phase profile is extended to the same 4096
points by cubic spline interpolation. The complex molecular response is
also defined over 4096 points, with a 1 cm−1 resolution.

4.4 Single compound optimization

We can use the calculated CARS signal to determine the fitness (equa-
tion 4.6) in a closed loop optimization to find an optimal excitation
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phase. Our goal is to find an excitation phase that maximizes the
amount of resonant CARS signal from a substance and simultaneously
minimizes any purely non-resonant contributions.

To optimize only the resonant signal, the non-resonant contribution
to the CARS signal needs to be discarded. Therefore we look at the
difference in CARS signal generated by a phase profile φ(ω) and the in-
verse phase profile −φ(ω), which is free of non-resonant background, as
shown in section 2.5.2. This CARS difference signal still contains some
non-resonant contributions due to the homodyne mixing of the CARS
process (see chapter 2.5), but since this term is dependent on the amount
of resonant contribution to the CARS signal as well, it does not conflict
with our optimization goal.

We apply CMA-ES to optimize the spectral excitation phase, where
we use the aforementioned spectrally integrated CARS difference signal
as fitness, as shown in equation 4.6.

F (φ(ω)) = |
ωmax∑

ω=ωmin

Iφ(ω)− I−φ(ω)| (4.6)

where F is the fitness, Iφ(ω) is the CARS intensity resulting from the
phase profile φ(ω), I−φ(ω) is the CARS intensity resulting from the in-
verse phase profile −φ(ω), and ωmax and ωmin are the spectral limits
between which the CARS spectrum is integrated.

We use a degenerate pump and probe pulse, centered at 12420 cm−1

(805.2 nm), with a bandwidth of 216 cm−1 (14 nm). The Stokes pulse
is assumed to be infinitely narrow with a center frequency of 9395.85
cm−1 (1064.3 nm). The optimization of the phase profile is performed
over 60 parameters. These parameters describe the phase and are evenly
spaced along the frequency axis over a 574 cm−1 region centered around
the center frequency of the pump and probe pulse . The phase profile is
interpolated to a resolution of 1 cm−1 by cubic spline interpolation. The
algorithm is run for 1000 generations with 20 parents and a population
size of 40 per generation. The non-resonant background is assumed to
be constant at 20% of the imaginary part of the main peak in the vibra-
tional response. The results of an optimization for PMMA are shown
in figure 4.3, along with the results of an optimization for polystyrene
(PS). The fitness in figure 4.3 is normalized to the fitness of a pump
pulse that matches the vibrational phase of the molecule.
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Figure 4.3 shows that the excitation phase profiles for maximum
(difference) CARS signal for PMMA and polystyrene mainly follow the
general shape of the molecular phase response. At high wavenumbers,
the phase returns to 0 instead of π due to the mixing between the res-
onant signal and the non-resonant background. Furthermore, it can be
seen that the optimization converges in roughly 100 generations.

As a comparison for the amount of CARS signal generated, the op-
timal CARS difference signal is about an order of magnitude more in-
tense than the CARS signal from a 15 ps (1 cm−1) pump and probe
pulse, with the same pulse energy, focused on the main resonance of
polystyrene. This comparison is based on a pure substance, with a con-
stant non-resonant background of 20% of the maximum of the resonant
vibrational response.

4.5 Selective excitation

4.5.1 Multiple compound mixtures

Besides optimizing the phase for maximum (difference) signal from a
single compound, it is also possible to optimize for minimum (differ-
ence) signal. Combining these two ideas, we try to optimize the excita-
tion phase for selective excitation of a single constituent in a mixture of
compounds, by simultaneously optimizing for maximum signal from one
compound and minimum signal from other compounds in the sample.

Here, we consider a mixture of five compounds, namely polystyrene,
PMMA, polyethene, toluene, and ethanol. These five substances have
strongly overlapping resonances in the region around 3000 cm−1, which
is accessed by our combination of input pulses (pump-Stokes). The vi-
brational spectra of these compounds, which have been obtained from
spontaneous Raman scattering spectra, as described in section 4.2.3, are
shown in figure 4.4.

Using CMA-ES, we find five different excitation phases, which select-
ively excite one of the resonant compounds, while minimizing the con-
tributions from the other four compounds. As the fitness value, we use
the difference signal of the compound that is being optimized minus two
times the difference signal of the compounds that are being suppressed,
as shown in equation 4.7. By subtracting two times the difference signal
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Figure 4.3: Numerical optimization of spectral excitation phase for
PMMA and PS. (a,c) shows the intensity of the pump and probe pulse
envelope (black) and the optimized spectral phase (cyan) for PS (a) and
PMMA (c), the molecular phase (shifted by the Stokes frequency) is
shown in green (PS) or red (PMMA). (b,d) Mean fitness per generation
for the optimization of PS (b) and PMMA (d) normalized to the fitness
of a pump pulse with the vibrational phase of the molecule.
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Figure 4.4: Vibrational spectra in the C-H region for polystyrene
(green), PMMA (red), polyethene (blue), toluene (cyan), and ethanol
(orange), obtained from fits of spontaneous Raman scattering spectra.
The dashed lines indicate the minus imaginary part of the χ(3), which is
proportional to the spontaneous Raman spectrum. The solid lines indic-
ate the phase of the vibrational response of the molecules.

of the suppressed components, we penalize trivial solutions that equally
increase the difference signal from both the component that is being
optimized as well as a component that is being suppressed.

F (φ(ω)) = ΔIoptim − 2
∑

ΔIsupp, (4.7)

ΔI = |I(φ(ω)) − I(−φ(ω))|

The pump (=probe) pulse is assumed to have a Gaussian spectral
power distribution with a center frequency of 12400 cm−1 (806.5 nm)
and a full width at half-maximum (FWHM) of 400 cm−1 (26 nm, 37
fs). The Stokes pulse is assumed to have a frequency of 9395.85 cm−1

(1064.3 nm) and an infinitesimally small bandwidth. For these simu-
lations, the spectral phase profile is optimized by the CMA-ES on 40
points, divided evenly over 1021 cm−1. For each generation, 20 parents
and a population size of 40 are used. The non-resonant background is
assumed to be constant with a value of 20% of the main peak of the
imaginary part of the vibrational response.
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Figure 4.5: Selective excitation of PMMA in a sample of PMMA, poly-
styrene, polyethene, toluene, and ethanol. (a) shows the pump and probe
intensity envelope (black), the molecular phase of PMMA (red) (shif-
ted by the Stokes frequency), and the optimal excitation phase (cyan).
(b) shows the difference intensity for PMMA (red), polystyrene (green),
polyethene (blue), toluene (cyan), and ethanol (orange) as a function of
generation of the evolutionary optimization, normalized to the difference
intensity from PMMA for a pulse optimized for maximum signal from
pure PMMA.

The results of the optimization for selective detection of PMMA in
this mixture are shown in figure 4.5. Figure 4.5(b) shows the correspond-
ing learning curve, showing how contributions from the other molecules
are actively suppressed.

After 1000 generations, the CARS signal from PMMA in the mixture
reaches a contrast ratio of 2200:1. The contrast ratio is defined by the
ratio in CARS difference signal between the optimized compound and
the other compounds in the sample, where the lowest ratio is used as the
total contrast ratio. It can be seen from figure 4.5 that the optimal phase
becomes more structured, to suppress the signal of the other resonant
compounds. In contrast to figure 4.3, the optimal phase now deviates
significantly from the molecular phase of PMMA. The phase profile in
the wings of the pump and probe pulse varies significantly, because the
optimization is influenced very little by these points and the phase at
these wavelengths remains mostly random. Figure 4.5 also shows that
the algorithm converges slower compared to a single compound optimiz-
ation without suppression, which is to be expected due to the increased
complexity of the optimization goal. The absolute amount of CARS
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PS PMMA PE Tol. Eth.
PS 0.02 < 3 ∗ 10−4 < 1 ∗ 10−3 < 5 ∗ 10−4 < 7 ∗ 10−4

PMMA < 1 ∗ 10−4 0.45 < 1 ∗ 10−3 < 2 ∗ 10−4 < 7 ∗ 10−4

PE < 1 ∗ 10−4 < 2 ∗ 10−4 0.44 < 2 ∗ 10−4 < 7 ∗ 10−4

Tol. < 1 ∗ 10−4 < 2 ∗ 10−4 < 1 ∗ 10−3 0.08 < 7 ∗ 10−4

Eth. < 2 ∗ 10−4 < 3 ∗ 10−4 < 1 ∗ 10−3 < 3 ∗ 10−4 0.27
Ratio 132 : 1 2200 : 1 470 : 1 168 : 1 415 : 1

Table 4.1: CARS signals and contrast ratios for selective excitation
of a single compound in a mixture of 5 resonant compounds. The high-
lighted cells indicate the optimized compound and the cells of that column
show the amount of integrated difference CARS signal normalized to that
obtained from a pure sample optimization.

difference signal from the PMMA has decreased by 55% compared to
the optimization of a pure PMMA sample (without suppression of other
compounds). The results and contrast ratios for all five substances can
be found in table 4.1.

In table 4.1 we can see that selective imaging is possible for all five
resonant compounds in the sample, with high contrast ratios, ranging
from 100:1 to 2000:1. Furthermore, it can be seen that the contrast
and total signal is lowest for polystyrene and toluene. These two mo-
lecules have very similar chemical structures, and hence the vibrational
response is very similar, making it more difficult to differentiate between
the two.

It should be noted that the contrast ratios in table 4.1 refer to sig-
nal levels of pure substances. The contrast ratio might be lower if mul-
tiple resonant compounds are present in the focal volume simultaneously.
This potential decrease in contrast ratio is due to homodyne mixing of
the CARS signals, and will be described in detail in section 4.5.2.

4.5.2 Influence of homodyne mixing

In many samples, there are multiple components present in the focal vol-
ume simultaneously. The CARS signals from these different components
are mixed and interfere, which influences the collected CARS signal in
a way that deviates from linear addition. Therefore, it is important not
only to look at the response for a pure substance, but also to consider
this homodyne mixing of the CARS fields from different components. To
study the effect of homodyne mixing on our optimization approach we
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use a mixture of three resonant components: polystyrene (PS), PMMA,
and polyethene (PE).

Using the optimization approach described in section 4.5.1, three
different excitation phases are calculated for selective excitation of each
of the three compounds. For the optimization, the same parameters as
in section 4.5.1 are used. Subsequently, we calculate the effect of these
phase shapes on different combinations of concentrations of the resonant
compounds in the focal volume. The CARS signal for different mixtures
within the focal volume is shown in figure 4.6(a-c) in the form of a tern-
ary plot. Each of these three subfigures shows the results for one of the
optimal phase profiles.

It can be seen from figure 4.6 that there is a close-to-linear depend-
ence between the CARS difference signal and the concentration for most
mixtures, except near the region where there is less than a few percent
of the substance that was optimized in the focal volume. For the op-
timized profiles for PMMA and polystyrene in figures 4.6(d) and 4.6(e),
there is a (green) band of mixing combinations, where the signal from
small amounts of the substance of interest is suppressed due to mixing
with the signal of the suppressed substances (figure 4.6(d,e)).

Furthermore, mixing between the signals from both suppressed com-
ponents can produce a stronger signal than both components would pro-
duce by themselves, leading to an overestimation of the concentration.
It can be seen in figure 4.6(d) that in the case of the PMMA-optimized
profiles, mixing between the two suppressed components generates a
negative difference signal (causing the dip for PMMA in figure 4.6(h)),
which can be easily distinguished from the positive difference signal that
the component of interest generates. In the case of the polystyrene and
polyethene optimized profiles (figure 4.6(e,f)), there is a positive differ-
ence signal for mixing between PMMA and polystyrene however. Both
these effects limit the obtainable selectivity.

4.5.3 Robustness to noise

The effect of (phase) noise on the optimization is calculated to test
the robustness of the optimization approach to phase fluctuations in
the spatial light modulator. We simulate the effect of noise by adding
random noise to each trial phase profile in the optimization, such that
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Figure 4.6: CARS difference signal for mixtures of PMMA, polystyrene
and polyethene in the focal volume for the selective excitation phase of
(a) PMMA, (b) polystyrene, and (c) polyethene. Panels (d-f) show the
log10 of the absolute value of (a-c). In (g), the signal dependence is
shown along slices in the ternary plot (dashed lines in (a-c)), where the
relative concentration of the optimized component (red for PMMA, green
for polystyrene, blue for polyethene) goes from 1 to 0, with a 50%/50%
ratio between the other two components. The black dashed line in (g,h)
indicates an ideal linear dependence. (h) The dependence of the signal
as in (g), on a log10/log10 scale over 4 orders of magnitude.
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Noise level (σ) Contrast ratio Norm. CARS signal

0 2200 : 1 1

0.01π 160 : 1 0.94

0.02π 120 : 1 0.82

0.05π 47 : 1 0.80

0.1π 19 : 1 0.75

0.2π 10 : 1 0.39

0.3π 5 : 1 0.03

Table 4.2: CARS signal and contrast ratios for selective excitation of
PMMA in a sample containing PMMA, polystyrene, polyethene, toluene,
and ethanol, in the presence of various levels of noise. The normalized
signal is relative to the signal obtained in the case of no noise.

φtotal = φorig + φnoise(μ, σ), where φtotal is the phase profile with noise,
φorig is the original noiseless phase profile and φnoise is a random noise
function with a normal distribution with mean μ = 0 and variance σ.
The results for selective excitation of PMMA in a mixture of PMMA,
polystyrene, polyethene, toluene, and ethanol are presented in table 4.2.

Table 4.2 shows that the presence of a few percent of (phase) noise
has a large influence on the optimization. At low levels of noise it is
primarily the contrast ratio that is reduced, as the noise makes it in-
creasingly difficult to suppress the signal from unwanted compounds.
At higher noise levels (σ ≥ 0.1π) the absolute signal from the optim-
ized compound also starts to decrease significantly. It should be noted
however that even at large amounts of noise, the evolutionary algorithm
still converges to a solution, providing contrast between the optimized
compound and the suppressed compounds.

The optimized phase profiles for various levels of phase noise are
shown in figure 4.7. From figure 4.7 it can be seen that the general
shape of the optimal phase profile remains largely unchanged in the
center of the pump pulse. In the wings of the pump pulse the phase
profile deviates due to the noise.

4.5.4 Optimization dimensionality

To estimate the required resolution of phase shaping, which determines
the required dimensionality of the optimization, we investigate the effect
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Figure 4.7: Phase profiles (red) for selective excitation of PMMA in a
mixture of five compounds for a phase noise (σ) of (a) 0.01π, (b) 0.02π,
(c) 0.05π, and (d) 0.2π radians. The intensity spectrum of the pump
pulse is shown in black, and the optimal phase in the case of no phase
noise is shown in blue.
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Figure 4.8: Fitness for selective excitation of PMMA (solid) as a func-
tion of number of parameters that the pulse is optimized with, normalized
to the maximum obtained fitness. Note the different scaling of the hori-
zontal axis on both sides of the dashed line.

of changing the number of parameters used to describe the phase profile
of the pump and probe pulse. In this case, we look at the optimization
of selective excitation of PMMA in a mixture of PMMA, polystyrene,
and polyethene. The number of parameters used to describe the phase
function of the excitation pulse is varied between 6 and 100, the other
parameters of the CMA-ES are equal to those used in section 4.5.1. The
fitness of the optimized phase profile, as defined in equation 4.7 and
normalized to the maximum obtained fitness, is plotted in figure 4.8.

It can be seen from figure 4.8 that the minimum number of paramet-
ers required to accurately model the optimal phase function (≥99% of
maximum fitness) is 40. This corresponds to a resolution in the shaping
of about 25 cm−1 (±1.5 nm). A higher number of parameters does not
significantly increase the amount of obtained signal or the contrast ratio.
The number of elements on the phase shaper used in an experimental op-
timization has to be higher, so that the applied phase function matches
the smooth interpolation between the parameters of the numerically op-
timized phase function. If we consider zero crosstalk between elements,
at least 75 elements are required to obtain a fitness value higher than
90% of the fitness value for the cubic spline interpolated phase pattern,
as shown in figure 4.9.

Further improvements in terms of number of parameters and optim-
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Figure 4.9: Fitness (red) in the case of no crosstalk between elements
as a function of number of elements, normalized to the maximum fitness
for a cubic spline interpolated phase pattern. The black line is a 10-point
moving window average over the data points.

ization speed might be obtained by tailoring the basis set of parameters
that define the phase function. As will be shown in section 4.6, the solu-
tion landscape around the optimal point can be optimized using Kautz
functions as a basis set.

4.6 Solution landscapes

4.6.1 Introduction

A key question regarding shaped CARS experiments in general, and for
optimizations in particular, is the shape and the topology of the solution
space in which each point represents a phase function and its associated
fitness. Ideally, the contour lines are convex, connected (no local op-
tima), and without nonlinear shear (relative rotation) [68].

Theoretically, a shaped CARS problem can have an infinite dimen-
sional solution landscape or functional space. We refer to this space as
the global solution landscape. By modeling the spectral phase with a
specific basis set, such as polynomials, a specific subset of the landscape
is selected. We refer to such a subset using the term solution landscape.
These landscapes can have similar or different properties compared to
each other and compared to the global landscape. Selecting a suitable
basis set with a well-behaved solution landscape can improve optimiza-
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tion speed and obtained fitness.

The work presented in section 4.6 was performed in close collabora-
tion with Dr. Aliakbar Jafarpour.

4.6.2 Optimization parameters

To study the effect of different basis sets on the solution landscape, we
consider a CARS process in bulk polystyrene. A constant non-resonant
background with an amplitude equal to 12% of the main resonance of
polystyrene (at 3052 cm−1) is used in our model. The spectra of the
pump and the Stokes fields are centered at 12500 cm−1 and 9396 cm−1

(800 nm and 1064 nm), respectively. The pump spectrum has a full-
width at half maximum (FWHM) bandwidth of 400 cm−1 (25.6 nm),
and the Stokes pulse has a negligible bandwidth and is modeled by a
Dirac delta function in the frequency domain.

CMA-ES is used to optimize the spectral phase of the pump (=probe)
pulse for maximum difference signal from polystyrene, using a popula-
tion size of 40 and 20 parents per generation. The phase of the pump
and probe pulse is modeled on 80 points divided evenly over a 1021 cm−1

region. The values of the pump phase function at these 80 points are
calculated by the optimization algorithm, and subsequently extended to
1021 points (1 cm−1 resolution) by cubic spline interpolation. The sim-
ulations in section 4.6 are performed using a model of the polystyrene
vibrational response that uses three resonances, as shown in figure 4.10.

The fitness for a phase profile is defined as the difference signal gen-
erated by a pulse with that phase profile, divided by the difference signal
generated by a pulse with a phase profile that matches the vibrational
response of the molecule, as shown in equation 4.8. The highest fitness
that was obtained is 2.048.

F (φ) =
ΔIφ

ΔIφmol

, (4.8)

ΔIφ = Iφ − I−φ (4.9)
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Figure 4.10: Pump pulse amplitude spectrum (black), shifted by the
Stokes frequency, and the vibrational model of polystyrene (red) used in
section 4.6, showing the minus imaginary part of the χ(3) (dashed) and
the vibrational phase (solid).

4.6.3 Optimization landscapes

Once the solution to the optimization problem is known, the landscapes
around this point can be calculated by considering the phase function
φ = φopt + φexcess, where φopt denotes the optimal phase profile and
φexcess is an excess phase profile superimposed on φopt, the parameters
of which are scanned.

While polynomials are successfully used to model the phase shifts
associated with the tail of a resonance (as in material dispersion), they
are not expected to be that efficient in modeling the sharp features and
the flat regions associated with a Lorentzian resonance, simultaneously.
Hence, in addition to polynomials, we also consider the alternative basis
sets of rational functions [69]. A rational function is one that can be
written as the ratio of two polynomials, such as a sum of some Lorent-
zian functions.

As a truncated Laurent series, a rational function can be useful in
modeling a function without a Taylor series, or one requiring many or-
ders of Taylor series and thereby enhancing numerical errors. Here,
we use a rational Kautz basis, which comprises alternatively even and
odd functions in the Laplace (complex frequency) domain, as shown in
equations 4.10 and 4.11.
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Figure 4.11: Imaginary part of the first six orders of the Kautz func-
tions. (a) Zero (blue), second (green), and fourth (red) order. (b) First
(blue), third (green), and fifth (red) order.

ψ2n(s) =
(2bc)0.5

s2 + bs+ c
ηn (4.10)

ψ2n+1(s) =
(2b)0.5s

s2 + bs+ c
ηn (4.11)

η =
s2 − bs+ c

s2 + bs+ c
(4.12)

The time domain counterparts (inverse Laplace transforms) of the
functions {ψn} form a complete orthonormal set {ψ′

n} [70]. The complex
radian frequency s is related to the vibrational radian frequency ω as
s = iω, where i is the imaginary unit. The two real parameters b and c
scale all orders of this basis set. They are chosen here as b = 27.51811
and c = 9.3169∗106, to model the resonance frequency and the damping
factor of the strongest resonance of polystyrene, centered at 3052 cm−1.
There are different ways to derive a real function for the expansion of
spectral phase from the complex Kautz basis functions. Here, we use the
imaginary parts of the Kautz functions to obtain a real-valued function,
as shown in figure 4.11.
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Figure 4.12: Pump pulse intensity spectrum (black) and second to sixth
order polynomial functions. (a) Second (blue), third (green), and fourth
(red) order. (b) Fifth (blue), and sixth (green) order.

1D Landscapes

The effect of introducing a polynomial phase of φ(n)(ω) = φn(ω −
ω0)

n/n!, where ω and ω0 denote the pump frequency and the pump
center frequency respectively , and scanning the coefficient φn for differ-
ent values of 2 ≤ n ≤ 6 is shown in figure 4.13(a). As the phase order
increases, the magnitudes of the slopes and curvatures increase at the
origin and decrease at the tails of the curves, as can be seen in figure
4.13(a). The slight asymmetry of the n = 2 case is partially attributed to
a small interpolation error in the estimation of the optimal phase. The
maximum values of individual polynomial phase terms over 1021 cm−1

are φ2,max = 3 ∗ 103fs2, φ3,max = 3.1 ∗ 105fs3, φ4,max = 1.9 ∗ 107fs4,
φ5,max = 4 ∗ 109fs5, and φ6,max = 5 ∗ 1011fs6. These maximum values
indicate the limits of the axes in figure 4.14, which run from −φn,max

to φn,max. The phase functions corresponding to these maximum values
are shown in figure 4.12.

The 1D Kautz fitness landscapes corresponding to the first five or-
ders 0 ≤ n ≤ 4 are shown in figure 4.13(b). Contrary to the case of
polynomials, these landscapes feature similar behaviors close to the ori-
gin and only start to deviate from each other, where the fitness drops
to almost 25% of the maximum fitness. They also feature local optima
for larger values of the coefficients φn,Kautz.

71



Chapter 4

-60 -40 -20 0 20 40 60

0

0.5

1

1.5

2

φ
n,Kautz

F
it
n
e
s
s

n
Kautz

=0

n
Kautz

=1

n
Kautz

=2

n
Kautz

=3

n
Kautz

=4

-1 -0.5 0 0.5 1
0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

F
it
n
e
s
s

φ
n
/φ

n,max

n=2

n=3

n=4

n=5

n=6

(a) (b)

Figure 4.13: 1D landscapes around the optimal point with (a) polyno-
mials and (b) Kautz bases.

2D Landscapes

Instead of scanning a single order, we can visualize the effect of adding
two different orders simultaneously. The effect of the simultaneous pres-
ence of two polynomial orders in the spectral phase on the landscape
is shown in figure 4.14. The two upper rows correspond to phase or-
ders with opposite parities (one even, one odd), and the bottom row
corresponds to phase orders with similar parities (both even or both
odd). As the phase orders increase, the convexity of the contour lines
decreases. The patterns associated with similar-parity orders feature a
reduced symmetry, compared to quasi-symmetric patterns of opposite-
parity orders. These symmetries are very similar to the 2D polynomial
landscapes of second harmonic generation [68, 71].

The effect of the simultaneous presence of two Kautz functions in
the spectral phase on the landscape is shown in figure 4.15. The two
upper rows correspond to phase orders with opposite parities, and the
bottom row corresponds to phase orders with similar parities. Similar
to the case of polynomials, shown in figure 4.14, the Kautz landscapes
with similar parities have different symmetries and their contours are
extended along a line with a negative slope. Similar parities show that
two orders with the same sign enhance each other, whereas the same
orders with opposite signs partially cancel each other out.

Similar to the case of 1D Kautz landscapes, all 2D Kautz landscapes
feature a bell-type pattern (red hot spot) at the origin. If the values
of the coefficients are limited to this range, the landscapes have convex
contour lines and no local optima, down to smaller values compared to

72



Numerical optimization of CARS

�
2

�3

2

1.5

1

0.5
�

2

�4

�
2

�5

�
4

�3

�
4

�5

�
2

�6

�
6

�3

�
6

�5

�
3

�5

�
4

�6

Figure 4.14: 2D landscapes around the optimal point with polynomials.
(Top row) Even orders of 2, 4, and 6 with the third order. (Middle row)
Even orders of 2, 4, and 6 with the fifth order. (Bottom row) Orders
with similar parities: 2-4, 2-6, 3-5, and 4-6.

polynomial landscapes. Note that the considerable overlap of the 1D
Kautz landscapes and the overlap of 1D polynomial landscapes at the
peaks and also at the tails (figure 4.13) imply reasonably comparable
ranges of different phase orders. As such, the elongation of a 2D con-
tour line implies a property of the 2D landscape, and not incomparable
ranges of phase terms.

The 2D landscapes corresponding to rational functions (figure 4.15)
have the advantage of featuring convex and connected contours down
to relatively small values of fitness (27% of the maximum fitness for the
first two Kautz orders) in the vicinity of the optimal phase.

Quantitative comparison of landscapes

We consider two figures of merit that can be used for quantitative com-
parison of different basis sets, namely the isoperimetric coefficient (IPC)
and the convex hull quotient (CHQ). In an ideal optimization landscape
the contours are symmetric, isotropic, convex (see figure 4.16), connec-
ted, and without relative rotation. We can look at the isoperimetric
coefficient by considering these contours as a closed string. A closed
string will enclose the largest area when it is stretched uniformly to form
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a circle. This intuitive property, referred to as the isoperimetric inequal-
ity, is the basis of our approach. Also note that any concave shape can
be modified towards a convex shape with the same circumference, but
a larger area, by ‘flipping the dents’ (see figure 4.16(c)). If P and A de-
note the circumference and the area of a closed shape, the ranking factor
IPQ = 4πA/P 2 (referred to as the isoperimetric quotient) ranks convex
shapes on top of ‘comparable’ concave ones (see figure 4.16(c)) and a
circle on top of all convex shapes; which is exactly what we are looking
for. The IPQ can also be expressed in three- and higher-dimensional
spaces, where visual inspection is difficult or even impossible. While the
IPQ is a useful figure of merit to evaluate the convex shape and the
apparent ellipticity of a contour, it can yield similar values for a concave
contour and an elongated convex one. A complementary figure of merit
is one that only differentiates between convex and concave contours with
no sensitivity to the elongation of convex contours.

When a stretched elastic band encompassing an object is released,
it is (partially) attached to a cross section of the object. The result-
ing shape of the released band is referred to as the convex hull (minimal
convex set) of the cross section. If the cross section is convex, the convex
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Figure 4.16: (a) A convex curve; the line segment connecting any
two arbitrary points within the enclosed area will lie entirely within the
enclosed area. (b) A concave curve; the line segment connecting at least
one pair of points within the enclosed area will lie partially outside the
enclosed area. (c) By flipping a dent, it is possible to convert a concave
shape to a convex one with the same circumference, but a larger area. (d)
Among convex patterns with the same circumference, a circle encloses
the largest area.

hull is the cross section itself. The difference between the areas enclosed
by a contour and its convex hull is a measure of deviation from a convex
shape. We define a second figure of merit, referred to as Convex Hull
Quotient (CHQ), to be the ratio of the areas enclosed by a contour and
its convex hull. CHQ is a figure of merit complementary to the IPQ. For
CHQ values (considerably) smaller than unity, the contours have (con-
siderable) deviation from a convex shape. If the CHQ is (close to) one,
then the IPQ is (mainly) a measure of elongation of a convex contour.

We compare the landscape for second- and third-order polynomi-
als to the landscape of the 0th and 1st order Kautz functions using
the IPQ and CHQ (see figure 4.17). The number of data points along
each coordinate is chosen to be 200 in order to have a reasonably small
numerical error in discretization of contours with small areas. The first
analyzed contour corresponds to 88% of the maximum fitness, which has
been discretized with 35 points along the periphery. The last analyzed
contour corresponds to 39% of the maximum fitness, and has been dis-
cretized with 245 points. It corresponds to the lowest fitness, for which
the contour in the polynomial landscape is completely accommodated in
the chosen range of the landscape. From figure 4.17 it can be seen that
the contours in the polynomial landscape deviate more from a convex
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Figure 4.17: Two-dimensional landscapes of the CARS process with
(a) polynomials and (b) Kautz functions, and (c) isoperimetric quotient
and (d) convex hull quotient values, associated with the contours in both
landscapes.

shape (lower IPQ), as the fitness drops (compared to the contours in
the Kautz landscape). A higher value of IPQ for a given contour level
implies more insensitivity to the direction approaching the contour.

3D Landscapes

The effect of the simultaneous presence of three orders of Kautz and
polynomial functions in the spectral phase (around the optimal phase)
on the 3D level sets is shown in figure 4.18(a) and figure 4.18(b), respect-
ively. The level sets shown correspond to 56% of the maximum fitness.
It can be seen that individual level sets associated with polynomials
feature more twisted surfaces compared to those of Kautz functions,
corresponding to a more complicated optimization landscape.
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(b) polynomial functions.

4.6.4 Modified basis sets

Replacing the spectral phase basis of a coherent control experiment with
appropriate linear combinations of the basis functions can result in a
new landscape with more convex contours, less shear, and even separ-
able phase terms [68, 71]. This technique can also be used successfully
in the case of a CARS experiment. Figure 4.19 shows two 2D land-
scapes (from figure 4.14) and their modified forms, when the third- and
the fourth-order polynomials are modified by adding a weighted second-
order polynomial to them as shown in equations 4.13 and 4.14. The
maximum values of individual polynomial phase terms over 1021 cm−1,
as shown in figure 4.19, are φ2,max = 5.3∗102fs2, φ3,max = 4.2∗104fs3,
φ4,max = 1.4∗106fs4. The phase functions corresponding to these max-
imum values are shown in figure 4.20.

φ(4)new(ω) = φ(4)(ω) + [−0.91ω2
FWHM ]φ(2)(ω) (4.13)

φ(3)new(ω) = φ(3)(ω) + [0.17ωFWHM ]φ(2)(ω) (4.14)

with φ(2)(ω) defined as in section 4.6.3 and ωFWHM denoting the spec-
tral bandwidth. The scaling factor of ωΔn

FWHM , where Δn is the differ-
ence in order between the polynomial that is added and the polynomial
that is being modified, is added to scale the different polynomial orders
with respect to each other.
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Starting from one of such modified contour lines in the vicinity of
the maximum point, one can find the projections of the maximum point
along each phase coordinate independently. This representation reduces
the required number of measurements for finding the optimal phase in
the vicinity of the optimal point from N2 to 2N measurements for a
given N points/coordinate resolution.

In each case, the weight factor used in the modified polynomial
(−0.91 or 0.17) can be considered as the tangent of the angle between
the orientations of the original and modified contour lines. However,
note that this transform is a shear and not a rotation of contour lines.
This is why the apparent ellipticity of the contour lines has changed [68].
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Chapter 5
Phase shaped CARS
spectroscopy and imaging

In this chapter the experimental results of phase shaped CARS are presen-
ted. This chapter covers spectroscopy and microscopy using intuitive
phase shaping strategies, based on compensating the intrinsic phase pro-
file of vibrational resonances, as well as more complex phase profiles.
These complex phase profiles are obtained by applying a learning loop
approach in the experimental setup and optimizing on objectives that
contain multiple goals.
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5.1 Introduction

In conventional narrowband CARS, chemically selective imaging of a
single compound in a mixture of compounds is challenging if the reso-
nances of the different compounds overlap significantly, since the con-
trast is based on a single vibrational frequency. In this chapter, our
broadband CARS method is demonstrated, where the contrast between
different substances is based on all the resonances that are covered with
our combination of input pulses, providing improved selectivity. Fur-
thermore, the contrast is obtained from the spectrally integrated CARS
intensity, facilitating easier detection.

In our approach the spectral phase of the input pulses is modified
to influence the CARS response, which can be considered as a type
of coherent control [72]. In coherent control, amplitude and/or phase
shaping is used to influence the quantum interferences between multiple
pathways, providing control over molecular processes [73, 74, 75, 76, 77].
The control of a system by using predetermined pulse shapes is known
as open loop control and has been used in CARS for selective excita-
tion of vibrational modes [31, 51, 78, 79, 80], non-resonant background
suppression [32, 81], and improved detection of weak resonances [82].
In this chapter, CARS measurements based on the π and 2π shaping
strategies presented in section 2.5 are shown. Using open loop control,
the retrieval of spectral information from bulk polystyrene is shown,
using both π and 2π phase steps. Furthermore, selective imaging in a
sample of PMMA and polystyrene microspheres, using π phase steps, is
shown.

A common problem in coherent control is that solutions predicted
from (optimal control) theory often do not produce good results un-
der experimental conditions and open loop control is therefore often not
optimal. In order to circumvent this problem, a closed learning loop ap-
proach is often used. In this approach, also known as adaptive feedback
control [83], an algorithm is employed that measures the response of
the system to evaluate and refine successive pulse shapes, until optimal
control is obtained. Selective excitation of vibrational levels by using
closed loop control in various CARS implementations has been reported
[48, 49, 84, 85].

Chapter 4 introduced shaping strategies based on more complex
phase shapes, where these complex phase shapes are obtained numer-
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ically using a learning loop approach. In this chapter a similar closed
loop experimental approach is demonstrated. The phase profiles are op-
timized by implementing an evolutionary algorithm in the experimental
setup. The optimization and background free imaging of single com-
pounds is demonstrated using this method. Using the same approach,
chemically selective imaging is shown in samples containing up to five
resonant compounds. Furthermore, a comparison is made between the
effectiveness of open loop control using the predicted phase shapes from
theory (section 4.4) and closed loop control.

5.2 Setup

The broadband CARS setup uses two oscillators: a Ti:Sapphire oscil-
lator that generates the (degenerate) pump and probe pulses, and an
Nd:YVO4 oscillator that is used for the Stokes pulse. These two oscil-
lators are synchronized using an electronic and optical feedback system.
Further details about the oscillators and the synchronization setup can
be found in section 3.2. A schematic overview of the broadband CARS
setup used to obtain the measurements in this chapter is shown in figure
5.1.

The pump light that is not being used for the synchronization (± 200
mW) is sent to the phase shaping setup. Two different phase shaping
setups have been used for these experiments. Both are based on a re-
flective 4-f zero dispersion layout [86]. The incident light is dispersed by
a ruled diffraction grating, after which the different wavelengths of the
pulse propagate at different angles. The different wavelengths are sub-
sequently focused by a cylindrical mirror, which is positioned at one focal
length from the grating. This cylindrical mirror causes the wavelengths
that are propagating at different angles to be focused at different spatial
positions. The spatial light modulator (SLM) is placed in the focus of
the cylindrical mirror, so that different pixels of the SLM coincide with
the focus of different wavelength ranges, allowing wavelength specific
phase modulation by the SLM. The pulse is reflected off the backside
of the SLM and propagates back through the cylindrical mirror and
the grating, which spatially recombines the different wavelengths into a
single pulse. A slight vertical tilt (1 cm over 2.73 m, 0.21◦) is used to
separate the outgoing beam from the incoming beam.
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Figure 5.1: Schematic overview of the broadband CARS setup. CM =
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For the measurements with the π and 2π phase steps (section 5.4), a
4096 pixel liquid crystal phase-only modulator (Boulder Nonlinear Sys-
tems), with a pixel pitch of 1.8 μm, is used in combination with a 830
lines/mm grating and a cylindrical mirror with focal length f=50 mm.
This corresponds to a frequency width of 12 GHz/pixel (±0.03 nm). In
this setup, six pixels share spectral information, so that the effective
frequency resolution is 72 GHz. A 0.65 numerical aperture (NA) gold-
coated reflective air objective (Newport 74x) was used as the excitation
objective and a 0.5 NA extra long working distance air objective (Nikon
M-plan 40x) was used as a collection objective.

For the complex phase profile measurements (section 5.5) a 640 pixel
phase and amplitude liquid crystal modulator (CRi Inc.), with a pixel
pitch of 100 μm is used, which is operated in a phase shaping only mode.
In this setup, a grating of 830 lines/mm is used in combination with a
cylindrical mirror with a focal length of f=597 mm. This corresponds to
a frequency width of 94 GHz/pixel (±0.2 nm). A 0.6 NA near infrared
air objective (Nachet Plan Fluor 40x) was used as excitation objective
and a 0.75 NA air objective (Zeiss Plan-Neofluar 60x) was used as a
collection objective.

The objectives are mounted on a 3-dimensional translation stage
(CVI Melles Griot) to carefully overlap their focal volumes. After the
collection objective, the CARS signal passes through a long-pass filter
(Thorlabs FM01) to filter out the excitation light. This excitation light
is collected by a photodiode with a bandpass filter (Thorlabs FB800-40)
in front and is used to detect the optical transmission of the pump beam
through the sample.

Detection of the CARS signal was either done spectrally resolved,
using a 3648-pixel silicon based spectrometer (Avantes AvaSpec-3648-
USB2), or spectrally unresolved, with a photomultiplier tube (Hama-
matsu) or a silicon photodiode. To filter the CARS signal from any
remaining excitation light, a filterset containing multiple filters (Thor-
labs FM01, 2x Chroma 655-50-2P, 2x Thorlabs FB650-40) was used.

For the microscopy measurements a 2-dimensional piezo-scanner (Pi-
ezosystem Jena) was used to scan the sample through the focus. The
piezo-scanner has a scan range of approximately 90x90 micrometer.
Also, a lock-in amplifier and chopper were used to improve the sig-
nal to noise ratio. The chopper modulates the Stokes beam and the
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resulting modulation on the CARS signal was detected using a lock-in
amplifier (EG&G Princeton Applied Research Model 5210) . Modulat-
ing the Stokes beam has the advantage that the photomultiplier tube
is insensitive to the wavelength of the Stokes pulse, so that any Stokes
light falling onto the detector is not picked up by the lock-in amplifier.

5.3 Sample materials

The CARS measurements are performed on a variety of plastics and
solvents. The bulk polystyrene is obtained by cutting out a plastic piece
from a translucent CD-case.

The 4μm and 20μm PMMA and polystyrene beads and the 12μm
melamine resin microbeads are monodisperse microbead solutions ob-
tained from Sigma-Aldrich. They are diluted using demineralized water.

The polyethene beads are obtained from Cospheric Microspheres and
are specified to have 95% of the microbeads within a size of 20-27μm.
They have been suspended in ethanol.

The acetone and ethanol is obtained from Sigma-Aldrich and has a
specified purity of ≥ 99%. The liquid paraffin is obtained from J.T.Baker.

The microbead samples were prepared on glass coverslides of 170 μm
thickness. The end of the thin coverslide is glued onto a microscope slide
of 1 mm thickness to facilitate mounting in the sample scanner.

5.4 Phase step profiles

In this section, CARS spectroscopy and microscopy measurements are
presented, using both π and 2π shaping strategies. The retrieval of spec-
troscopic information from a bulk sample of polystyrene is shown as well
as the ability to do chemically selective imaging in a sample consisting
of polystyrene and PMMA microspheres.

Our shaping strategies assume a flat phase on the pump and probe
pulse before any phase shapes are applied. Any residual phase that is
caused by dispersion of, for example, lenses or other optics is therefore
not taken into account. Before applying any phase profiles, this residual
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phase is compensated by optimizing the second harmonic generation sig-
nal generated by the pump and probe pulse in a BiB3O6 (BIBO) crystal.
The second harmonic generation signal is maximized by optimization of
the excitation phase, using a derandomized evolution strategy (DR2)
[65, 87] to optimize the coefficients of a polynomial basis set up to 15th
order. We apply our phase step profile on top of the phase profile that
compensates for the residual dispersion.

5.4.1 π phase step

Spectroscopy

As shown in section 2.5, a scanning π phase step can be used to obtain
spectroscopic information. Here we apply this sweeping π phase step to
a bulk sample of polystyrene (PS). A π phase step is scanned through
the Ti:Sapphire (pump and probe) spectrum and for every position of
the phase step, the CARS spectrum is measured.

We measure the CARS spectra for a positively sloped phase step
(figure 5.2(b)), a negatively sloped phase step figure 5.2(d), and for a
Fourier-limited pulse. Spectra are integrated for 300 milliseconds and a
complete 2D spectrum is measured in approximately five minutes. The
2D difference spectrum for PS, obtained by subtracting the negative step
measurements from the positive step measurement, can be found in fig-
ure 5.2(f). A phase step corresponding to a resonance with a linewidth
of 10 cm−1 (0.6 nm) was scanned over 251 points with a step size of
0.1793 THz (4.65 cm−1). The width was chosen to match the vibra-
tional transitions in this spectral region (on average). In figure 5.2, the
theoretically calculated 2D difference spectra are also shown for compar-
ison. For the simulated spectra a model of the vibrational response of
polystyrene that uses three resonances was used (see figure 4.10), with
a constant non-resonant background of 15% of the imaginary part of
the main peak of polystyrene. The pump pulse is defined as a Gaussian
pulse with a center wavelength of 809.2 nm (370.2 THz, 12348.5 cm−1)
and an intensity FWHM bandwidth of 16.41 nm (7.5 THz, 250 cm−1)
and the Stokes pulse is assumed to be infinitely narrow with a center
frequency of 9395.85 cm−1 (1064.3 nm). The intensity in the simulations
was scaled to get a good fit between the theoretical 2D difference spec-
trum and the experimental 2D difference spectrum. These parameters
are also used for the calculations shown in figure 5.3.
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Figure 5.2: Theoretical (a,c,e) and measured (b,d,f) 2D spectra for bulk
polystyrene. The difference spectrum (e,f) is obtained by subtracting the
spectrum for a negative phase step (c,d) from the spectrum obtained with
a positive phase step (a,b). The CARS (difference) spectrum (vertical)
is shown as a function of the location of the phase step in the pump and
probe spectrum (horizontal).
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In figure 5.2(f), both the sloped and vertical contributions (see sec-
tion 2.5.3) from the vibrational resonances of PS are indicated with
dashed lines. The contribution from the Raman vibration at 3059 cm−1

is visible at 373.5 THz (3062 cm−1). A second, weaker resonance is also
revealed. The vertical lines indicate the crossing point of the resonant
line features of both resonances with the non-resonant line. The second,
weaker resonance is located at 369.6 THz (or 2930 cm−1). This feature
can be assigned to a Raman resonance of PS at 2910 cm−1. Further-
more, there is a signal evident from an even weaker resonance at 367.5
THz (or 2862 cm−1). This signal is assigned to the weak resonance
at 2857 cm−1[88]. The difference in intensity between the simulations
and the measurements for the positive and negative step spectra (figure
5.2(a-d)) is most likely due to a difference in non-resonant background.

Imaging

A sample consisting of a mixture of 4 μm PS and 4 μm PMMA micro-
spheres dried on a glass surface is used for imaging. Selective imaging is
demonstrated by applying a positive and negative π phase step near the
main resonance for PMMA or PS. A suitable phase step location can
be chosen by looking at the integrated CARS difference signal from a π
phase step sweep, as shown in figure 5.3. The integrated CARS differ-
ence signal can be obtained by spectrally integrating the 2D difference
spectrum. A phase step at 370.2 THz is chosen for selective imaging of
PMMA and a phase step at 373.2 THz is chosen for selective imaging of
PS, as shown in figure 5.3(a).

Measurements are taken with a 10 ms/pixel integration time. The
CARS signal is detected using a photomultiplier tube and a lock-in amp-
lifier. The integration time on the lock-in amplifier is chosen to be 3 ms,
with a 1.71 kHz modulation frequency. The phase patterns are switched
between positive and negative per line as the liquid crystals in the LCD
require roughly 200 ms to completely stabilize. Each line is measured
three times (positive step, negative step, Fourier limited) so that the
total image takes about 30 min to acquire.

Measurements with positive and negative π phase steps at 370.2 THz
are shown in figure 5.4(a) and 5.4(b), respectively. For an image with a
Fourier-limited pulse, shown in figure 5.4(c), the difference in intensity
between the PMMA and PS beads is due primarily to the larger scat-
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Figure 5.3: (a) Calculated CARS difference intensity as a function
of phase step location for PS (solid) and PMMA (dashed). The dotted
vertical lines indicate the two phase step locations that were chosen for
imaging. (b) Experimentally measured difference intensity as a function
of phase step location for PS. The intensities in (a,b) are normalized to
the CARS intensity obtained with an unshaped (Fourier-limited) pulse.

tering cross section of PS compared to PMMA. For the positive phase
step at 370.2 THz an increase in intensity of the PMMA beads relative
to the PS beads is observed, when compared to the Fourier-limited case.
For the negative phase step the relative intensity of the PMMA beads
is observed to be roughly the same as in the Fourier-limited case.

The intensity difference (between signals obtained with positive and
negative phase steps) for the PMMA and PS beads varies greatly from
positive to negative as a function of the step position (see figure 5.3).
By switching the location of the phase step, the amount of obtained
difference signal from PS and PMMA can be modified. The difference
intensity images for the π phase step centered near the main resonance
of PMMA (370.2 THz) and near the main resonance of PS (373.2 THz)
are presented in figure 5.5. These difference images are obtained by sub-
tracting the negative step image from the positive step image.

In the difference intensity image for the phase step positioned near
the main resonance of PMMA (figure 5.5(a)) the PMMA beads are vis-
ible, while the PS beads are suppressed. For the phase step positioned
near the main resonance of PS (figure 5.5(b)) the PS beads are visible,
while the PMMA beads are suppressed. The PMMA beads are still
somewhat visible, but with a negative (difference) intensity as opposed
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Figure 5.4: Shaped CARS imaging in a sample of polystyrene and
PMMA microbeads. (a) Image taken with a positive phase step at 370.2
THz. (b) Image taken with a negative phase step at 370.2 THz. (c)
Image taken with a Fourier-limited pulse. Image size is 256x256 pixels
(approximately 60x60 μm).
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Figure 5.5: Difference CARS intensity images in a sample of poly-
styrene and PMMA microbeads with a phase step at 370.2 THz (a) and
373.2 THz (b). Image size is 256x256 pixels (approximately 60x60 μm).
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Figure 5.6: 2π phase step scan on polystyrene. (a) Theoretical 2D dif-
ference spectrum of bulk polystyrene. (b) Measured 2D difference spec-
trum. The numbers indicate the features caused by the three main reso-
nances of polystyrene.

to the positive intensity of the PS beads.

5.4.2 2π phase step

Section 2.5.4 explores the possibilities and advantages of sweeping a 2π
phase step through the pump and probe spectrum and recording the
CARS spectrum for each phase step location. This procedure is applied
to both a positively sloped phase step and a negatively sloped phase step,
corresponding to a resonance with a linewidth of 10 cm−1 (0.6 nm). The
residual dispersion on the pump pulse is corrected in the same way as
described in section 5.4 (page 86). The results of such a measurement
on bulk polystyrene are shown in figure 5.6. For the simulated difference
spectrum a model that uses three resonances to model the vibrational
response of polystyrene was used (see figure 4.10), with a constant non-
resonant background of 10% of the imaginary part of the main peak of
polystyrene. The pump pulse is defined as a Gaussian pulse with a cen-
ter wavelength of 813.5 nm (368.5 THz, 12291.8 cm−1) and an intensity
FWHM bandwidth of 27.5 nm (12.5 THz, 417 cm−1). The Stokes pulse
is assumed to be infinitely narrow with a center frequency of 9395.85
cm−1 (1064.3 nm). The intensity in the simulations was scaled to get a
good fit between the theoretical 2D difference spectrum and the experi-
mental 2D difference spectrum.

It can be seen from figure 5.6 that the measured 2D spectrum (figure
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5.6(b)) matches qualitatively with the theoretically predicted spectrum
(figure 5.6(a)). The numbers in figure 5.6 indicate the features caused by
the three main resonances of polystyrene. The predominantly negative
difference intensity in the experimental measurement is caused by errors
introduced by the SLM. Applying a 2π phase step on the SLM uses a
large part of the modulation range (3.5π), so that there is little room
for residual phase compensation, without introducing additional phase
jumps. Furthermore, this phase wrapping occurs at different positions
for the positive step and the negative step, so that measurements with
different artifacts are subtracted from each other, leading to imperfec-
tions in the difference spectrum. Errors in the calibration of the SLM
will also lead to imperfections in the subtraction.

5.5 Complex profiles

As discussed in chapter 4, complex phase profiles show promise for chem-
ically selective imaging in samples with multiple resonant compounds.
In this section, chemically selective imaging is demonstrated using com-
plex phase profiles that are obtained using a learning loop approach.
Chemically selective imaging is demonstrated in samples with a single
resonant compound as well as in samples with multiple resonant com-
pounds.

To reduce the residual phase on the pump pulse, an optimization
of the pump pulse phase is performed, using the non-resonant CARS
signal from water as a feedback signal. Because this non-resonant signal
has a flat phase response, the CARS signal it generates is maximized
for a transform limited pulse (flat spectral phase). The optimization is
performed using Legendre polynomials, which are normalized between
−2Δω and 2Δω, where Δω is the half-width at half maximum (HWHM)
bandwidth of the pump pulse. These Legendre polynomials form an or-
thogonal basis set and show good performance for laser pulse compres-
sion [71]. The phase profile that is applied is described using the first
eight Legendre polynomials (L0 - L7). The first Legendre polynomial
(L0) contains only constant phase and the second Legendre polynomial
(L1) contains only linear phase terms. Because our CARS implement-
ation is insensitive to constant and linear phase offsets on the pump
pulse, we omit these terms from the optimization, leaving six Legendre
polynomials (L2-L7) with their corresponding scaling factors, as shown
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in equation 5.1.

φ(ω) =
7∑

k=2

αkLk (5.1)

The coefficients αk are optimized using CMA-ES, using 100 genera-
tions, with 5 parents and a population size of 10 per generation. It was
found that the optimized phase provided no significant increase (< 1%)
in non-resonant CARS signal nor in the CARS signal from a polystyrene
microsphere. Therefore, the residual phase is assumed to be small, which
can also be seen in figure 5.7.

Figure 5.7(a) shows the phase profile that results from the non-
resonant CARS optimization. Figure 5.7(b) shows the phase profile
from figure 5.7(a), but with a linear fit (fitted from 790 nm to 820 nm)
subtracted from the phase, to remove any constant and linear phase
contributions over this wavelength range. From 5.7(b) it can be seen
that the residual phase on the pump and probe pulse is small and is
mostly concentrated in the wings. Because there is no increase in sig-
nal for the compensated pulse compared to an unshaped pulse, it can
be concluded that the phase wrapping introduced by compensating the
residual phase (as described in section 5.4) introduces additional errors
which offset the gain from compensating the residual phase. Since there
is no gain in signal and we wanted to avoid this phase wrapping, we
chose to avoid residual phase compensation and apply the phase profiles
in our experiments directly on our unshaped pulse.

5.5.1 Single compound optimization

First we consider a sample consisting of a single resonant compound.
The goal is to optimize the difference CARS signal from this single com-
pound. The sample consists of 20 μm diameter poly(methyl methac-
rylate) (PMMA) microspheres in demineralized water, dried on a glass
coverslide (170 μm thickness) and subsequently covered with a thin layer
(±200 μm) of demineralized water and another coverslide. Even though
the O-H stretch vibration from water has a tail that extends to 3000
cm−1, the water is considered to be almost completely non-resonant,
since the O-H resonance is very broad and the amplitude at the C-H
region is small [89].
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Figure 5.7: (a) Pump and probe intensity (black) and phase (cyan)
resulting from the non-resonant CARS optimization. (b) The pump and
probe intensity (black) and phase (cyan) as shown in (a), but with a
linear fit (fitted from 790 nm to 820 nm) subtracted from it to remove
any constant and linear phase terms over this range.

We use CMA-ES for the optimization of the phase of the pump and
probe pulse, using 100 generations with 5 parents and a population size
of 10 per generation. The phase profile is optimized on 60 points spread
evenly over 60 nm. The phase profile is interpolated, using cubic spline
interpolation, to obtain the phase values for the individual pixels of the
SLM.

For every trial phase profile φ(ω), the difference in CARS signal gen-
erated by a pulse with phase φ(ω) and by a pulse with phase −φ(ω)
is measured for both the PMMA microspheres and the non-resonant
background (water). The fitness is defined as the difference intensity
obtained from the PMMA minus twice the difference intensity from the
non-resonant background. We subtract the background in the fitness to
suppress unwanted effects caused by, for example, slight errors in the
calibration or crosstalk in the SLM.

After the optimal phase profile φopt(ω) has been determined, this
phase profile is used for imaging (see figure 5.8). An image is made with
a pulse with phase φopt(ω) (figure 5.8(a)) and another image with phase
−φopt(ω) (figure 5.8(b)). The difference between these images (figure
5.8(c)) gives a non-resonant background free image with improved con-
trast. An image with an unshaped pulse is recorded for comparison
(figure 5.8(d)). Each image is 200x200 pixels and was acquired in ap-
proximately 17 minutes.
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Figure 5.8: Optimized imaging of PMMA microspheres in water us-
ing the experimentally optimized phase. (a) Image taken with excitation
phase φopt(ω). (b) Image taken with excitation phase −φopt(ω). (c)
Non-resonant background free difference image obtained by subtracting
(b) from (a). (d) Image taken with an unshaped excitation pulse. (e)
Pump and probe spectrum (black) and experimentally optimized excita-
tion phase for PMMA (cyan). The vibrational phase of PMMA (red),
shifted by the Stokes frequency, is shown for comparison.

From figure 5.8(d) it can be seen that the contrast for an unshaped
pulse is low due to the large non-resonant background. The amount
of CARS signal from the PMMA microspheres is similar to that of the
non-resonant background and the microspheres are visible largely due
to the diffraction at the edges of the spheres. In the difference image
(figure 5.8(c)) it can be seen that the non-resonant background has been
suppressed and that the contrast has been strongly enhanced, making
the PMMA microspheres clearly visible. The contrast ratio is now on
the order of 10:1.

Comparison with theory

To compare the experimentally optimized phase profiles to the numer-
ically optimized phase profiles, we measure CARS images using the nu-
merically optimized phase for PMMA. Figure 5.9 shows the resulting
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Figure 5.9: Optimized imaging of PMMA microspheres in water using
the numerically optimized phase. (a) Image taken with excitation phase
φnum(ω). (b) Image taken with excitation phase −φnum(ω). (c) Differ-
ence image obtained by subtracting (b) from (a). (d) Image taken with
an unshaped excitation pulse. (e) Pump and probe spectrum (black) and
numerically optimized excitation phase for PMMA (cyan). The vibra-
tional phase of PMMA (red), shifted by the Stokes frequency, is shown
for comparison.

images on the same sample of PMMA microspheres in water, now using
the numerically optimized phase for PMMA (see section 4.4).

It can be seen from figure 5.9(c) that the contrast in the difference
image is improved compared to the image taken with the unshaped pulse
(figure 5.9(d)). The difference intensity from the PMMA microspheres
is similar to that in figure 5.8. Using the numerically optimized phase,
however, there is some remaining non-resonant background signal in the
difference image. The resulting contrast is now 4:1, which is a factor
2.5 lower than the contrast obtained with the experimentally optimized
phase.

We also compare the phase from the experimental optimization to
theory by comparing the difference CARS intensity obtained in the ex-
periment to the difference intensity that is predicted numerically using
the pump and probe spectrum and phase from the experiment as input
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Figure 5.10: Normalized experimental (red) and theoretical (black) dif-
ference CARS intensity as a function of generation.

parameters. The results are shown in figure 5.10. Both the experimental
and theoretical difference intensity are normalized to the CARS intensity
obtained from pure polystyrene with a (near) transform-limited pulse.
For the normalization of the theoretical fitness, a constant non-resonant
background of 15% of the imaginary part of the main resonance of poly-
styrene was assumed.

It can be seen from figure 5.10 that the experimental and theoretical
difference intensities show a similar trend. The numerically calculated
intensity differs from the experimental intensity primarily at the start
and the end of the optimization. These differences, as well as the re-
maining non-resonant background in figure 5.9, are most likely caused
by calibration errors in the SLM or residual phase on the pump and
probe pulse.

5.5.2 Multiple compound mixtures

While the optimization of the phase for a single compound is useful
for high contrast, non-resonant background free imaging, the real power
of these complex phase shapes lies in chemically selective imaging in
samples with multiple resonant compounds. As will be demonstrated in
this section, complex phase shapes can be used to enhance the signal
of the compound of interest in the CARS difference images, while sim-
ultaneously suppressing the unwanted contributions of other resonant
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compounds.

As a sample, a mixture of 20 μm PMMA microspheres and 20 μm
polystyrene (PS) microspheres in demineralized water, and 20-27 μm
polyethene (PE) microspheres in ethanol, is dried on a glass coverslide.
The dried beads are covered with a layer (± 200 μm) of liquid paraffin
and another coverslide on top. This means there are four compounds
in the sample. Figure 5.11(a) shows a transmission image containing a
mixture of the three types of plastic beads in the liquid paraffin. Other
than slight differences in size, the beads are indistinguishable from each
other or even invisible, as will be revealed later.

Once again CMA-ES is used to optimize the phase of the pump and
probe pulse, using 200 generations, with 10 parents and 20 individuals
per generation. For every trial phase profile φ(ω), the difference in CARS
signal generated by a pulse with phase φ(ω) and a pulse with phase
−φ(ω) is measured for each of the substances. As fitness value, we use
the difference intensity for the compound of interest minus the maximum
difference signal of the other compounds times a scaling factor. The
fitness for selective excitation of PMMA is shown in equation 5.2.

F = ΔIPMMA − α ∗max(ΔIPS,ΔIPE,ΔIParaffin), (5.2)

ΔI = |I(φ(ω)) − I(−φ(ω))|
The scaling factor is used to compensate for differences in scattering

cross section and is chosen to be between 1.5 and 3, where compounds
with a strong unshaped CARS signal have a higher scaling factor. A
higher scaling factor prevents the algorithm from moving towards solu-
tions which increase both the difference signal for the compound of in-
terest and the difference signal for other (weaker scattering) compounds.
For compounds with a lower cross section, a too high scaling factor
causes the algorithm to push all difference intensities to zero and be-
come stuck in noise.

Instead of subtracting the difference intensities of all the compounds
that are being suppressed, we subtract only the maximum of the differ-
ence intensities, reducing the influence of noise in the measurements on
the fitness.

A separate optimization is run for each compound, to find a phase
profile which selectively excites that compound while suppressing the
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Figure 5.11: Selective imaging in a sample with four resonant com-
pounds. (a) Transmission image. (b) Image taken with an unshaped ex-
citation pulse. (c) Difference image taken with paraffin selective phase.
(d) Difference image taken with PMMA selective phase. (e) Difference
image taken with polyethene selective phase. (f) Difference image taken
with polystyrene selective phase.
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signals from the other resonant compounds in the sample. This set of
optimizations is performed on the same sample region. The resulting
phase profiles are used for chemically selective imaging of the sample,
as shown in figure 5.11.

As can be seen in figure 5.11(b), there is CARS signal from all four
components in the sample when using an unshaped pulse. Although it
is now possible to see differences in the beads, it is not trivial to identify
them according to their chemical composition. Furthermore, it is now
clear that the transmission image (figure 5.11(a)) gives incomplete in-
formation, as some of the beads are (almost) invisible.

In the difference images made with the optimized selective phase
shapes (figure 5.11(c-f)), the individual compounds are easily identifi-
able, while the signal from the other compounds is clearly suppressed.
The contrast ratio varies depending on the compound of interest and
ranges from 4:1 (for paraffin) to 13:1 (for polystyrene).

Figure 5.12 shows chemically selective imaging in a sample with five
resonant compounds. Here the same approach is used as described for
the four compound sample, where a separate optimization is performed
for each individual compound. The sample consists of 20 μm PMMA mi-
crospheres, 20 μm polystyrene (PS) microspheres, 20-27 μm polyethene
(PE) microspheres, and 12 μm melamine resin microspheres, dried on a
glass coverslide. The dried beads are once again covered with a layer (±
200 μm) of liquid paraffin and another coverslide on top.

In figure 5.12(a) the CARS signal for an unshaped pulse is shown,
where all the compounds in the sample show up, and it is not trivial
to distinguish them from each other. In figure 5.12(b-f) the difference
CARS images show the individual compounds in the sample while sup-
pressing the other resonant contributions. The contrast has decreased
compared to the four compound sample, but the different compounds
are still clearly distinguishable. The contrast in this case ranges from
2:1 (for paraffin) to 10:1 (for polystyrene).
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Figure 5.12: Selective imaging in a sample with five resonant com-
pounds. (a) Image taken with an unshaped excitation pulse. (b) Dif-
ference image taken with paraffin selective phase. (c) Difference im-
age taken with PMMA selective phase. (d) Difference image taken with
melamin selective phase. (e) Difference image taken with polyethene
selective phase. (f) Difference image taken with polystyrene selective
phase.
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5.6 Discussion

In this chapter, chemically selective imaging using complex phase profiles
has been shown. These phase profiles are obtained using CMA-ES, ana-
logous to the theoretical study in chapter 4. The results in this chapter
show promise for non-resonant background free imaging of samples with
many different compounds, such as cells or other biologically relevant
samples, with improved selectivity and contrast.

The obtained contrast ratio in the experiments shown in this chapter,
however, is lower than predicted in chapter 4. This lower contrast ra-
tio has a number of causes. In chapter 4 it has been shown that phase
noise has a notable effect on the obtainable contrast ratio. Imperfections
in the applied phase shape due to calibration errors in the SLM or re-
sidual phase on the pump and probe pulse will reduce the contrast ratio.

Furthermore, the contrast ratio in the experiment is limited by noise,
as it is impossible to suppress the CARS difference signals to absolute
zero. There is noise from dark counts on the detector and from the elec-
tronics, but the main source of noise is intensity noise of the Ti:Sapphire
oscillator. The pump and probe pulse has an intensity noise on the or-
der of 3% at low frequencies (<10 Hz), which gives an intensity noise of
about 6% on the CARS signal, due to the quadratic power dependence
on the pump beam in our setup. The amount of noise in the difference
image is even bigger due to our subtraction scheme to obtain the differ-
ence image. Therefore it is expected that the obtainable contrast ratio
in the experiment can be considerably improved by a more stable pump
laser.

Another issue of the current setup is the speed of both the evolu-
tionary optimization and the imaging. The transimpendance amplifier,
which is used to amplify the CARS signal that is picked up by the
photodiode, determines the maximum modulation frequency due to its
limited bandwidth (3.37 kHz). The Stokes beam is currently modulated
by a chopper wheel at 327 Hz, which forces the integration time on
the lock-in amplifier to values above 10 milliseconds. By incorporating
an acousto-optical modulator (AOM) in the Stokes beam, in combina-
tion with direct lock-in detection on the (unamplified) photodiode signal,
very high modulation frequencies (up to several MHz) are possible. This
decreases both the minimum integration time on the lock-in amplifier,
as well as other noise picked up by the photodiode.
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Because the optimization is only run for 150 or 200 generations in
the experiment, it is not guaranteed to have converged to the global op-
timum yet. However, running longer optimizations is challenging due to
slow drift in the alignment of the system. The system slowly misaligns
over the course of several hours, which disturbs any long-term optimiz-
ations.

Another point of improvement has to do with the calibration of the
SLM. The SLM is calibrated on a per pixel basis and the resulting lookup
table for the drive levels is big (± 50000 values). As a result, translating
phase profiles to drive levels is a time consuming step in the optimiza-
tion. By using a more efficient drive level lookup scheme, the optimiza-
tion speed can be improved significantly, allowing optimizations to run
for more generations, which can improve contrast.

The proof of principle experiments presented in this chapter her-
ald a bright future for label-free chemically selective imaging. Potential
applications range from non-invasive biomedical imaging to novel mater-
ial characterization and high throughput screening. The utilization of
more complex optimization goals, such as the detection of simultaneous
presence of several compounds in the focal volume, or the mapping of
conformational differences, has the potential to open up an even wider
range of interesting applications.
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A.1 SLM calibration

A.1.1 Introduction

In this appendix, a number of calibration and verification techniques
are discussed, for a phase-only SLM (A.1.2) and a phase and amplitude
SLM (A.1.3). The calibration techniques described in this section are
based on earlier work by Dr. Sytse Postma [56]. The techniques de-
scribed here are aimed at the calibration of a 1D SLM that is used in a
4-f zero-dispersion spectral phase shaping setup [86]. Even though these
techniques are primarily intended for liquid crystal based SLMs, they
can also be useful for other pixel-based SLM devices, such as MEMS-
based pulse shapers.

Liquid crystal based SLMs operate by applying a voltage over a birefrin-
gent liquid crystal layer. The effect depends on the type of liquid crystal
and the orientation of the liquid crystals. There can be a re-orientation
of the crystal layer, which influences the effective refractive index for
certain polarizations [90], or the polarization of the incident light itself
can be rotated by the liquid crystal layer [91]. The voltage that is ap-
plied to the liquid crystal layer typically has a range of 0-10 Volt and
this voltage range is typically evenly divided into a number of discrete
steps (also called drive levels or grey levels), with which the SLM can be
controlled. The number of drive levels can range from 7 bits (128 levels)
[90] to 12 bits (4096 levels)[91].

For the SLMs used in this work, there is no straightforward correla-
tion between the applied voltage and the resulting phase and/or amp-
litude modulation (see figure A.9). Therefore it is important to obtain
a calibration that accurately describes the relation between the applied
voltage (drive level) and the resulting phase and/or amplitude modula-
tion. Furthermore, the birefringence of the liquid crystal is a function
of wavelength, which has to be taken into account. There can also be
non-uniformity between the pixels of the SLM, requiring a pixel-based
calibration method.

A.1.2 Phase-only SLMs

In the case of a phase-only SLM, it is not very straightforward to calib-
rate the SLM using intensity measurements, since the change in phase
has no effect on the intensity of the fundamental. It is possible to calib-
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Figure A.1: Schematic of a setup for second harmonic generation cal-
ibration of a spatial light modulator. CM = Curved Mirror, SLM =
Spatial Light Modulator, M = Mirror, OBJ = Microscope Objective,
SHG = Second Harmonic Generation crystal, F = Filter that rejects the
fundamental and transmits the SHG signal, FM = Flip Mirror, PD =
Photodiode.

rate the SLM using an interferometric approach [92, 93]. One can also
rely on nonlinear processes to detect phase changes. Here we use second
harmonic generation, and detail its use in the calibration of a phase-
only SLM. The setup for calibration of a phase-only SLM using second
harmonic generation is shown in figure A.1.

The calibration is performed by applying a phase modulation at a small
number of adjacent pixels of the SLM. The depth of this phase step is
scanned from minimum to maximum modulation, and the second har-
monic spectrum generated by the phase shaped light is recorded. This
process is repeated for each neighbouring set of pixels, until the entire
SLM has been covered. The measured second harmonic spectrum and
integrated second harmonic spectrum of such a phase scan for one set of
100 pixels near the center wavelength (maximum intensity) of the pulse
is shown in figure A.2.

It can be seen from figure A.2 that the intensity of the second harmonic
oscillates as a function of the applied phase modulation. The intensity
of the second harmonic is lowest when the subset is π radians out of
phase with the rest of the spectrum (see figure A.3), and highest when
it is in phase with the rest of the spectrum. There is a cosine square
relation between the second harmonic intensity and the applied phase
modulation, which is described in equation A.1. There is a maximum
when there is no phase modulation and the entire spectrum is in phase.
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Figure A.2: (a) Second harmonic spectrum and (b) integrated and
normalized second harmonic spectrum as a function of drive level for
a phase scan on a subset of (100) pixels of the SLM. The dashed lines
indicate the points along which the graph is segmented for the calibration.
(c) shows the resulting calibration curve, showing phase modulation as
a function of applied drivelevel.

ISHG ∝ 1− αcos2(
φ

2
) = 1− α ∗ (1 + cos(φ))

2
(A.1)

where ISHG is the intensity of the second harmonic, α is a scaling factor
which depends on the width of the subsection compared to the full pulse
width, and φ is the applied phase modulation in radians.

To obtain the relation between drive level and phase modulation, the
trace in figure A.2(b) is smoothed using a moving window average over
11 data points, renormalized between −1 and 1 and the maxima and
minima are determined. The trace is then segmented along these max-
ima and minima (indicated by the dashed lines in figure A.2(b))and for
every segment, the resulting phase modulation is calculated using equa-
tion A.1. The resulting phase modulations for every segment are then
stitched together, using a π radian phase offset between every segment.
The resulting curve of phase modulation as a function of drive level is
shown in figure A.2(c).

The relation between pixel number and wavelength can not be directly
obtained from the measurements on the subset of pixels, as the effect
of the phase modulation is smeared out in the second harmonic pro-
cess (which can be described as a convolution of the pulse with itself).
To determine this relation, we scan a π radians modulation step over
the mask. This means that initially all pixels of this mask start out at
minimum modulation. The first pixel is then switched to π radians mod-
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Figure A.3: Fundamental spectrum (black) and applied phase (red). A
subset of 100 pixels has a π phase difference with the rest of the spectrum.

ulation and the second harmonic spectrum is measured. The following
pixel is then switched over to a π radian modulation, after which the
spectrum of the shaped light is measured. This procedure is repeated
until all pixels of the SLM have been switched over, after which there will
be a π radians modulation over the entire mask. The measured second
harmonic spectra have a characteristic (triangular) peak, that is offset
from the center of the spectrum by twice the offset of the phase step
on the SLM from the center (maximum intensity) of the fundamental
spectrum. If the phase step on the SLM is in the center (maximum
intensity) of the fundamental spectrum, the characteristic peak is in the
center of the SHG spectrum as well. This effect is shown in figure shown
in figure A.4. By detecting the location of this characteristic peak in the
second harmonic spectrum, the wavelength at which the phase step on
the SLM is, can be determined. After a wavelength has been determined
for every pixel by peak detection, a second order polynomial function
that relates wavelengths to pixel numbers is constructed, as shown in
figure A.5.

A.1.3 Phase and amplitude SLMs

Using a dual-mask configuration, it is possible to obtain both amplitude
and phase modulation from a single spatial light modulator. Such a
phase and amplitude SLM generally consists of two liquid crystal layers
(masks), that can be individually controlled with their own set of driv-
ing voltages.
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Figure A.4: The effect of a π phase step for second harmonic gener-
ation. (a) shows the fundamental intensity spectrum (solid) with a π
phase step in the center of the spectrum (dashed) and (b) shows the cor-
responding second harmonic spectrum with (solid) and without (dashed)
phase step in the fundamental. (c) shows the same fundamental intens-
ity spectrum (solid) as in (a), but with a π phase step that is offset from
the center of the spectrum (dashed) and (d) shows the corresponding
second harmonic spectrum with (solid) and without (dashed) phase step
in the fundamental. In blue is indicated how the shift of the peak in the
second harmonic spectrum is related to the shift of the phase step in the
fundamental.
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Figure A.5: SHG wavelength calibration, showing the retrieved fre-
quencies for different pixels (black) and the second order fit (red) that is
used to describe the relation between pixel number and frequency.

Amplitude modulation is achieved by a rotation of the polarization in
the liquid crystal layers and filtering the output with a polarizer in front
of the SLM. Hence, the amplitude modulation is proportional to the
cosine of the total polarization rotation in the SLM, which is equal to
the sum of the polarization rotation in the individual liquid crystal layers
(equation A.2). Minimum transmission occurs when the polarization is
rotated by 90◦ degrees.

ΔI ∝ cos(ΔPmask1 +ΔPmask2) (A.2)

where ΔI is the modulation of the intensity of the laser beam, and
ΔPmask1 and ΔPmask2 describe the rotation of the polarization by the
first and second liquid crystal mask respectively.

Phase modulation is obtained by rotation of the polarization in the first
crystal layer, which leads to a change in effective refractive index, due to
the birefringence of the liquid crystal layer. This change in the effective
refractive index affects the optical path length and hence the phase delay
that is applied to the light. The polarization is subsequently rotated
back to its original state by the second liquid crystal layer. The phase
delay is thus proportional to half the difference in polarization rotation
between the two masks:
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Δφ ∝ ΔPmask1 −ΔPmask2

2
(A.3)

where Δφ is the phase modulation that is applied to the laser beam,
and ΔPmask1 and ΔPmask2 describe the rotation of the polarization by
the first and second liquid crystal mask respectively.

In the case of the CRi SLM that was used, the extraordinary axes of the
liquid crystal layers are oriented orthogonally with respect to each other
and at a 45◦ angle with respect to the (p-)polarization of the incoming
light [91]. Hence, when applying similar driving patterns to both masks,
the polarization rotation of the first mask is compensated by the second
mask and the phase modulation can be described as the average of the
two driving patterns:

Δφ ∝ ΔDmask1 +ΔDmask2

2
(A.4)

where Δφ is the applied phase modulation, and ΔDmask1 and ΔDmask2

describe the driving patterns (in radians) for the first and second mask
respectively.

In the case of orthogonally aligned liquid crystal axes, maximum amp-
litude modulation occurs when both masks have opposite driving pat-
terns, and the amplitude modulation can be described as:

ΔI ∝ cos2(
1

2
(ΔDmask1 −ΔDmask2)) =

1 + cos(ΔDmask1 −ΔDmask2)

2
(A.5)

where ΔI is the intensity modulation, and ΔDmask1 and ΔDmask2 de-
scribe the driving patterns (in radians) for the first and second mask
respectively.

From equations A.4 and A.5 it can be seen that the amplitude modula-
tion and phase modulation are related to each other. Therefore, one can
use the amplitude modulation to individually calibrate the liquid crys-
tal masks. The calibration is performed by keeping one of the masks
at zero modulation. The drive level of the other mask is swept from
0 to 4095, maintaining the same drive level across all pixels, and the
spectrum of the fundamental light is measured for each drive level. This
measurement is performed for both masks, in order to obtain separate
calibrations for each mask, since their behaviour differs significantly. An
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Figure A.6: Measured (normalized) fundamental spectrum as a func-
tion of drive level for the master mask (left) and slave mask (right).

example of such a calibration measurement is shown in figure A.6.

The measured intensity as a function of drive level is plotted for each
measured wavelength, as shown in figure A.7. To reduce the influence
of noise on the calibration a moving window average is subsequently
applied to this spectrum. After this averaging, the maxima and min-
ima of the trace are determined. From formula A.5 it is apparent that
every subsequent maximum or minimum equals a π radians increase in
modulation. The trace is segmented along the maxima and minima and
rescaled to range from −1 to 1. The applied modulation (in radians) is
then calculated from the measured intensity modulation using equation
A.5. The individual segments are subsequently stitched together, using
a π offset from the previous segment, and a lookup table is constructed
that relates the drive level for each pixel of both masks to the applied
modulation.

The relation between the wavelength of the incoming light and the pixel
numbers on the SLM can be obtained either by the same means as de-
scribed in chapter A.1.2, or by means of amplitude shaping, as will be
explained below.

In the case of phase and amplitude SLMs, one can easily characterize
the relation between the wavelength of the incoming light and the pixel
numbers of the SLM by applying an amplitude shaping pattern. For the
CRi SLM that we are considering here, the intermask misalignment is
specified as 2 μm, which is very small compared to the pixel pitch of
100 μm [91]. It is therefore expected that the relation between incident
wavelength and pixel number is the same for both masks. In this case,
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Figure A.7: Measured normalized intensity of the fundamental light
after the SLM as a function of the drive level that is applied to the pixels
of the master mask. The slave mask is kept at minimum modulation
(4095 drive level) for all pixels.

it is sufficient to characterize this relation for only one of the masks in
the SLM. If the ratio between misalignment of the masks and the pixel
pitch is significant, it will be necessary to do this calibration for both
masks individually.

For the wavelength calibration, one of the masks is kept at minimum
modulation for all pixels. On the other mask, a π radians modulation
step is scanned over the mask, switching the pixels over to π radians
modulation depth sequentially, and the fundamental spectrum is meas-
ured after each pixel switch. The resulting spectra are shown in figure
A.8.

The relation between the wavelength of the incident light and the pixel
numbers of the SLM is determined by determining the cut-off wave-
length for a number of pixels from figure A.8. The complete relation is
then obtained by fitting these data points with either a linear or quad-
ratic function. Subsequently, the lookup table of phase modulation as a
function of wavelength and drive level is constructed, as shown in figure
A.9.
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Figure A.9: Example of an SLM calibration. (a,b) Phase modulation
as a function of drive level (horizontal) and wavelength (vertical). (c,d)
The phase modulation as shown in (a,b), modulo π. (a,c) shows the
calibration for the master mask and (b,d) shows the calibration for the
slave mask.
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A.2 SLM calibration verification

In this section a number of checks to verify the validity of the calibra-
tion and diagnose problems are discussed. These techniques use either
the fundamental light or the second harmonic of the fundamental to
verify the calibration. These methods are designed to look at phase-
only shaping, where amplitude shaping is considered to be undesirable.
It is important to consider dispersion in the setup, in order to make sure
that the spectral phase of the laser pulse at the sample matches with the
intended phase profile. Any additional dispersion in the system should
be avoided, for example by using reflective optics instead of transmissive
optics. To determine if there is any residual dispersion in the system, one
can use for example autocorrelation or frequency resolved optical gating
(FROG). Second and third order residual phase can be compensated by
a prism compressor and detuning of the grating(s) in the 4-f shaping
setup. Higher order residual phase has to be compensated by the SLM.
Large amounts of residual second or third order phase may indicate a
misalignment in the distance between the grating and the focusing ele-
ment in the 4-f setup.

A.2.1 Fundamental light

One direct check is the measurement of the (shaped) fundamental light.
The intensity of the fundamental should remain constant, regardless of
the applied phase profile. In practice this does not hold true for most
phase shaping designs, as high frequency modulations (such as sharp
phase steps) scatter light out of the system. For smooth phase profiles
this is still a reasonable assumption however. Figure A.10(a) shows the
spectrum of the fundamental for a scan of a constant phase offset that
increases in depth. The relative deviation (figure A.10(b)) is obtained
by dividing the measured spectra by the mean spectrum of all obtained
spectra. Any deviations in the spectrum or power indicate imperfect
phase-only shaping or a discrepancy between the desired phase profile
and the applied phase profile.

A.2.2 Second harmonic generation

Although the fundamental light provides amplitude information, little
information can be obtained about the correctness of the applied phase
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Figure A.10: Constant phase offset scan using the fundamental light.
(a) shows the measured fundamental spectrum for different levels of
phase offset and (b) shows the spectra in (a) divided by the mean of
all the measured spectra.

profiles. Second harmonic generation (SHG) was used to verify the cal-
ibration. Since SHG uses two photons from the same laser pulse, it is
insensitive to constant or linear spectral phase of the pulse and it is only
the second and higher order differences in spectral phase that influence
the SHG process.

Figure A.11 shows the SHG spectrum for a scan of a constant phase
offset that increases in depth. The intensity and spectrum should not
change with the applied phase offsets. Any change in either the spec-
trum or the intensity of the SHG indicates a problem with either the
SLM itself or the calibration of the SLM.

Another check that was performed is scanning a π phase step through
the fundamental spectrum and measuring the second harmonic spec-
trum. Scanning a positively or negatively sloped phase step through the
fundamental spectrum, yields a very distinct peak in the second har-
monic spectrum, as discussed in chapter A.1.2. The SHG spectrum is
plotted as a function of the phase step position, as shown in figure A.12.
This 2D spectrum displays mirror-symmetry around the diagonal line in
the center, which has a slope of two in frequency space.

A.2.3 Autocorrelation

An intensity autocorrelation can be used to determine the pulse length
for simple pulses. In combination with a measurement of the funda-
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Figure A.11: Constant phase offset scan using second harmonic gen-
eration. (a) shows the measured second harmonic spectrum for different
levels of phase offset and (b) shows the second harmonic spectra in (a)
divided by the mean of all the measured spectra.
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Laser pulse

Figure A.13: Schematic drawing of an autocorrelation and FROG
setup. BS = 50/50 Beamsplitter, CM = Curved Mirror, LED = Light
Emitting Diode, M = Mirror, FM = Flip Mirror, L = Lens, SHG =
Second Harmonic Generation crystal, F = Filter that rejects the funda-
mental and transmits the SHG signal.

mental spectrum, the actual pulse length and shortest possible pulse
length for the given spectral bandwidth can be compared. It can pro-
vide a rough indication of the amount of temporal broadening of the
pulse due to spectral phase distortion [94]. For a complete retrieval of
both the phase and amplitude of the pulse, frequency resolved optical
gating (FROG) was used. A schematic of a setup for autocorrelation
and FROG measurements is shown in figure A.13.

The setup in figure A.13 can be used as an autocorrelator by introdu-
cing the flip mirror into the beam. The laser light is focused on a LED,
which has a shorter emission wavelength than the laser pulse. Because
the emission of the LED is at a shorter wavelength, the band gap en-
ergy of the LED is higher than the energy of a single photon of the
laser pulse. The band gap can be bridged using a two-photon absorp-
tion, turning the LED into a two-photon detector for the autocorrelator.

A.2.4 Frequency resolved optical gating

Frequency resolved optical gating (FROG) allows for the complete re-
trieval of both phase and amplitude information of ultrashort pulses.
FROG was developed by Trebino et al. in 1993 [95] and is frequently
used for the characterization of ultrashort pulses. In this work second
harmonic generation FROG (SHG-FROG) is used. Because SHG-FROG
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relies on a second order nonlinearity, it is able to measure relatively low
intensity pulses. Furthermore, detection of the second harmonic signal
is relatively straightforward. A disadvantage of SHG-FROG is the am-
biguity of the direction of time. This can be resolved with an additional
measurement [96].

A schematic of the SHG-FROG setup is shown in figure A.13, where the
FROG is measured by taking the flip mirror out of the beam, allowing
the parallel beams to be focused into the SHG crystal, generating the
FROG signal. By looking at the amplitude and phase profiles of the
pulses that are retrieved from the SHG-FROG trace, misalignment of the
phase shaping setup or other problems in the system can be identified,
as shown in figure A.14. After identifying the dominating order(s) of
residual chirp, the chirp can be corrected using the techniques described
at the start of section A.2.
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Figure A.14: SHG-FROG measurements for different pulses (left, log-
arithmic intensity scale) and the retrieved amplitude (right, black) and
phase (right, red). (a,b) Near Fourier-limited pulse. (c,d) Pulse with
residual second order phase. (e,f) Pulse with residual third order phase.
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Calcite crystal mounts
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Summary

This thesis describes improvements of chemical selectivity and contrast
in coherent Raman scattering (CRS) spectroscopy and microscopy. Stim-
ulated Raman scattering (SRS) and coherent anti-Stokes Raman scat-
tering (CARS) provide chemical information of a sample based on the
vibrational resonances in molecules. These resonances occur at charac-
teristic frequencies related to the mass of the atoms and the strength
of the bonds between the atoms. By detecting these resonances the
presence of compounds of interest can be inferred. CRS microscopy
is unaffected by one-photon fluorescence, offers label-free, non-invasive,
chemically selective detection, and is inherently confocal.

In conventional narrowband CRS, the contrast is based on a narrow fre-
quency range, covering only a single vibrational resonance. In samples
with many compounds, vibrational resonances can overlap significantly
and contrast based on a single resonance may not be sufficient to separate
different compounds. Furthermore, CARS suffers from a non-resonant
background that is generated even in the absence of vibrational res-
onances. This non-resonant background can overwhelm the resonant
CARS signal. The CRS techniques described in this thesis excite mul-
tiple vibrational resonances simultaneously. Spectral phase shaping of
the excitation light is used to influence the interferences between the
different resonances and excitation pathways. In this way selective and
background-free images are obtained.

Chapter two introduces the theory for two CRS processes, stimulated
Raman scattering (SRS) and coherent anti-Stokes Raman scattering
(CARS). Conventional narrowband implementations are covered as well
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as broadband techniques. The use of spectral phase shaping to obtain
spectroscopic information in broadband CARS is demonstrated numer-
ically.

Most narrowband SRS approaches rely on modulation of one of the
input beams and lock-in detection on the other beam. Lock-in detec-
tion on spectrally resolved signals requires an array of lock-in detectors,
which is not commercially available yet. This prevents a similar ap-
proach to broadband SRS. Chapter three describes a new broadband
SRS technique based on a common-path interferometer, capable of ob-
taining vibrational information over a broad bandwidth, without the
need for wavelength scanning or lock-in detection.

Chapter four contains numerical examples of spectral phase shaping for
CARS, using complex phase profiles. An evolutionary algorithm is used
to optimize the phase profile to enhance or suppress CARS signals from
different compounds by influencing the interferences between the differ-
ent pathways. The possibility for background-free imaging of a single
compound is demonstrated, as well as chemically selective imaging of
a single compound in a sample containing multiple compounds with
overlapping resonances. Furthermore, studies on the robustness of the
optimization approach in the case of mixing in the focal volume and
phase noise are presented.

Chapter five demonstrates experimental optimization of phase profiles
and background-free CARS imaging of a single compound, comparing
the experimental results to the numerical results from chapter four.
Phase optimizations for chemically selective imaging in a sample of mul-
tiple compounds are presented. Chemically selective imaging of a single
compound is shown in samples containing up to five compounds with
overlapping resonances.
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Samenvatting

In dit proefschrift worden nieuwe ontwikkelingen voor coherente Raman
verstrooiing (CRS) spectroscopie en microscopie gepresenteerd, die de
chemische selectiviteit en het contrast verhogen. CRS technieken leveren
chemisch specifieke informatie over een preparaat aan de hand van de
vibrationele resonanties in moleculen. Deze resonanties komen voor op
specifieke frequenties die afhankelijk zijn van de massa’s van de atomen
en de sterkte van de bindingen tussen de atomen. De aanwezigheid van
materialen kan afgeleid worden uit de aanwezigheid van kenmerkende
resonantie frequenties.

Het chemisch contrast in smalbandige CRS technieken is gebaseerd op
een smalle frequentie band met de breedte van een enkele vibrationele
resonantie. Tijdens het CARS proces wordt ook een niet-resonant achter-
grond signaal gegenereerd. Dit niet-resonante signaal wordt zelfs in
afwezigheid van vibrationele resonanties gegenereerd en kan het reso-
nante signaal overstemmen. In het geval van een preparaat van meerdere
materialen kunnen de vibrationele resonanties van de verschillende ma-
terialen overlappen en kan contrast gebaseerd op een enkele resonantie
niet meer toereikend zijn. De breedbandige technieken in dit proef-
schrift slaan meerdere resonanties tegelijkertijd aan, waarbij spectrale
fase wordt gebruikt om de interferenties tussen de verschillende reso-
nanties en excitatie paden te bëınvloeden.

De theorie van twee CRS processen, gestimuleerde Raman verstrooiing
(SRS) en coherente anti-Stokes Raman verstrooiing (CARS), wordt bes-
chreven in hoofdstuk twee. Zowel de conventionele smalbandige imple-
mentaties als de breedbandige implementaties worden behandeld. Even-
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eens wordt beschreven hoe spectrale fase gebruikt kan worden om spec-
trale informatie van een preparaat te verkrijgen.

De meeste smalbandige SRS technieken maken gebruik van modulatie
van één van de excitatie bundels, en lock-in detectie op de andere bundel.
Om deze methode toe te passen op een spectraal opgeloste bundel is een
rij van lock-in detectoren nodig, maar een dergelijke lock-in detector ar-
ray is nog niet verkrijgbaar. Hoofdstuk drie beschrijft een breedbandige
SRS techniek die is gebaseerd op een interferometer, om breedbandige
SRS metingen te doen zonder lock-in detectie.

In hoofdstuk vier wordt spectrale fase vervorming voor CARS met com-
plexere fase profielen numeriek gëıllustreerd. Met een evolutionair algo-
ritme wordt de fase van de excitatie puls geoptimaliseerd, bijvoorbeeld
om het CARS signaal van specifieke materialen te maximaliseren of te
onderdrukken. De mogelijkheid om een enkel materiaal af te beelden
zonder niet-resonante achtergrond of om een enkel materiaal selectief af
te beelden in een complex preparaat wordt gedemonstreerd.

In hoofdstuk vijf wordt de experimentele optimalisatie van fase profielen
behandeld. De achtergrond-vrije afbeelding van een enkel materiaal
wordt gedemonstreerd en de experimentele resultaten worden vergeleken
met de numerieke resultaten uit hoofdstuk vier. Verder wordt de fase
optimalisatie in complexere preparaten getoond en wordt de selectieve
afbeelding van een enkel materiaal gedemonstreerd in preparaten die tot
vijf verschillende materialen met overlappende resonanties bevatten.
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