
i
i

“output” — 2023/2/8 — 13:32 — page 1 — #1 i
i

i
i

i
i

POLITECNICO DI MILANO
DEPARTMENT OF PHYSICS

DOCTORAL PROGRAMME IN PHYSICS

HIGH-SPEED MULTIPLEX CARS IN THE ENTIRE

RAMAN-ACTIVE REGION THROUGH SUPERCONTINUUM

GENERATION IN BULK MEDIA

Doctoral Dissertation of:
Federico Vernuccio

Supervisor:
Prof. Dario Polli

Tutor:
Prof. Giulio Cerullo

The Chair of the Doctoral Program:
Prof. Marco Finazzi

2022/2023 – XXXV cycle



i
i

“output” — 2023/2/8 — 13:32 — page 2 — #2 i
i

i
i

i
i



i
i

“output” — 2023/2/8 — 13:32 — page 1 — #3 i
i

i
i

i
i

Acknowledgements

This PhD thesis is the result of the experimental activities carried out at Politecnico di
Milano, Department of Physics, in the VIBRA laboratory, led by professor Dario Polli.
The project was mainly financed by the European Union project CRIMSON under
Grant Agreement No. 101016923 and from the Regione Lombardia project NEWMED
under Grant Agreement No. POR FESR 2014-2020.

At the end of my PhD, I would like to express my deepest gratitude to my supervisor
prof. Dario Polli for his invaluable support, patience and feedbacks in my research. I
am also extremely grateful to my tutor prof. Giulio Cerullo who provided precious
expertise and knowledge for the achievement of the scientific results. I would like to
extend my thanks to my lab friends for their moral support, editing help and for making
my time spent inside and outside the laboratory enjoyable and unforgettable. Lastly,
words cannot express the importance that my family’s never-ending support and love
have had for the accomplishment of these results. Without them all I have done in these
years would have been impossible.

1



i
i

“output” — 2023/2/8 — 13:32 — page 2 — #4 i
i

i
i

i
i



i
i

“output” — 2023/2/8 — 13:32 — page I — #5 i
i

i
i

i
i

Abstract

Coherent anti-Stokes Raman Scattering (CARS) microscopy is a label-free vibrational
imaging technique delivering chemical maps of cells and tissues. With respect to Spon-
taneous Raman (SR), CARS provides several orders of magnitude higher speed by
exploiting third-order nonlinear optical processes occurring between the sample and
the impinging electric fields. The simplest CARS implementation employs two nar-
rowband picosecond pulses (pump and Stokes) that are spatiotemporally superimposed
at the sample plane to probe a single vibrational mode. Broadband CARS (BCARS)
combines narrowband pump pulses with broadband Stokes pulses to record broad vi-
brational spectra, thus combining the high acquisition speed of single-frequency CARS
with the chemical specificity of SR. Despite many improvements in the last decade,
BCARS microscopes struggle to work in the so-called “fingerprint” spectral region
(400-1800 cm�1), because it features a weaker Raman response than the high-frequency
CH-stretching region (2800-3100 cm�1).

Here, we demonstrate a novel approach to BCARS to collect the full Raman spec-
trum (400-3100 cm�1). The experimental setup starts with a 2-MHz repetition rate
femtosecond fiber laser centered at 1035 nm. The system delivers high energy (� 2�J)
pulses used for generating sub-20 fs broadband Stokes pulses (1050-1600 nm) by
white-light continuum in a bulk YAG crystal, a compact and alignment-insensitive
technique. Combining them with 3.7 ps narrowband pump pulses, we can generate
CARS signal with high spectral resolution (< 10 cm�1) in the entire Raman window
exploiting both two-color and three-color excitation mechanisms. The reduced repeti-
tion rate unlocks two other key advantages of the system. On the one hand, it entails
a longer delay (0.5 �s) between two consecutive pulses, enabling thermal energy dis-
sipation; on the other hand, for a given average power limited by sample degradation,
higher pulse energies results in higher peak intensities, generating a stronger CARS
signal thus increasing the signal-to-noise ratio and/or the acquisition speed. The sys-
tem is equipped with a homemade transmission microscope to image cells and tissues
at high-speed (<3 ms) with a large field of view (>800�800 �m2). Using a novel post-
processing pipeline, we deliver high-quality chemical maps, distinguishing the main
chemical compounds in cancer cells and identifying cancer in liver slices of mouse
models, unveiling the path for applications in histopathological settings.
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Summary

This thesis reports the main achievements in the experimental Ph.D. research activity
I carried out from 2019 to 2022 in the VIBRA lab of Politecnico di Milano, led by
professor Dario Polli.

In these years, I contributed to the advances in BCARS microscopy by designing
and constructing a BCARS microscopy system and by developing a post-processing
pipeline for the analysis of the collected hyperspectral data.

Chapter 1 provides an overview of the theory behind coherent Raman scattering
processes, reviewing the main BCARS implementations. Chapter 2 reports the tools
needed for white-light continuum generation in bulk media, describing the nonlinear
processes involved. Chapter 3 illustrates the architecture of the BCARS experimental
setup and points out the advantages of the system with respect to other setups described
in the literature. This chapter continues with: a full characterization of the pump and
Stokes optical sources; a detailed description of the home-made microscopy unit; a
description of the detection system.

Chapter 4 deals with the acquisition and post-processing methods employed for
CARS spectroscopy and imaging. After a discussion about the design of the experi-
ments, the chapter focuses on the post-processing pipeline needed for the analysis of
the BCARS hyperspectral data. This part establishes a strong link between CRS appli-
cations and deep learning-based solutions. Indeed, it reports two novel convolutional
neural networks used for the denoising of the CARS spectra and for the non-resonant
background removal. The chapter also describes the main numerical algorithms com-
monly used for CARS data post-processing that I adapted from the literature. Eventu-
ally, it concludes with the main spectral unmixing methods employed in the thesis for
delivering chemical maps of heterogeneous biological samples.

Chapter 5 reports the main results obtained with the BCARS experimental setup,
showing BCARS spectra of solvents and chemical maps of plastic beads and biological
samples, such as cells and tissues.

I believe this work constitutes a novel, compact, and robust methodology for BCARS
imaging delivering high-chemically informative maps of cells and tissues in a label-free
and non-destructive way. I envisage the BCARS microscopy platform will be used for
biomedical applications, especially in the field of cancer research.
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CHAPTER1
Coherent raman scattering microscopy

1.1 Introduction

Optical microscopy [1] is a powerful tool for life sciences, thanks to its capability of
imaging cells and tissues at the micrometer scale. Among the optical microscopy tech-
niques, the most common ones to study biological samples are �uorescence microscopy
and vibrational microscopy.

Fluorescence microscopy is well known for its superb sensitivity guaranteed by the
use of �uorescence markers, which may be endogenous (e.g. �uorescent proteins) [2]
or exogenous (e.g. dyes or semiconductor quantum dots) [3], that are added to cells
or tissues. However, the use of external tags may lead to sample perturbation and may
alter the biological functions of the investigated specimen. Moreover, photobleach-
ing is a phenomenon that must be taken into account when dealing with �uorescent
markers, since it prevents the possibility of imaging many times the same portion of
the sample. Eventually, �uorescence microscopy provides little information especially
when the goal is to distinguish many biomolecules in the sample. Indeed, �uorescence
microscopy is impeded by the "color barrier," which limits the number of distinguish-
able structures to a maximum of approximately �ve since the employed �uorescent
proteins feature broad emission bandwidths that overlap among them [4–6]. These are
the reasons why many problems in life sciences call for label-free techniques that do
not require the use of �uorescent markers, preventing sample perturbation and/or al-
teration, enabling signal stability, and distinguishing a larger number of structures in
highly heterogeneous biological samples.

Vibrational microscopy [7] overcomes these hurdles by delivering chemical maps
of cells and tissues in a label-free and non-invasive manner. It employs spectroscopic
techniques that enable the visualization of different biomolecules analyzing their char-
acteristic vibrational spectrum [8]. Indeed, every structure in a biological sample fea-

1



i

i

“output” — 2023/2/8 — 13:32 — page 2 — #14
i

i

i

i

i

i

Chapter 1. Coherent raman scattering microscopy

tures a vibrational spectrum that constitutes a signature for the identi�cation of its main
constituents, providing higher speci�city than �uorescent techniques. The spectrum
may be divided into three main spectral windows [9](Fig. 1.1). The �rst region spans
from 400 to 1800 cm� 1 and is known as the �ngerprint region. It corresponds to the
low energy vibrational modes of the sample and contains many sharp and congested
peaks that carry information about lipids, proteins, and nucleic acids. The peaks asso-
ciated with proteins are those of amino acids (such as phenylalanine at� 1000 cm� 1,
tyrosine, and tryptophan), those of amide-I groups of secondary protein structures (in
1500–1700 cm� 1 region), and the stretching or deformation of carbon atoms bonded
with nitrogen (C-N stretch), hydrogen (C-H rock, bend, or scissoring), or other carbon
atoms (C-C stretch). The peaks of lipids are mainly the ones at 1300 cm� 1 associated
with CH2 bonds and around the 1440-1450 cm� 1 region correspondent to the CH and
CH2 modes. Eventually, the nucleic acids may be identi�ed through the peaks of DNA,
RNA, and nitrogenous bases. The second region of the vibrational spectrum spans from
1800 to 2700 cm� 1. It is known as the Raman-biological silent region of the spectrum
since in general no peaks are present in this spectral window. This region is particularly
exploited when using Raman-tag molecules which provide speci�c signals with char-
acteristic peaks in the silent region that do not interfere with the ones of the biological
constituents [10,11]. The last region corresponds to the high-energy vibrational modes
and goes from 2700 to 3100 cm� 1. This region displays broad peaks associated with
the CH, CH2, and CH3 symmetric and antisymmetric stretching through which one
can discern lipids, proteins, and DNA. Moreover, this region features a signal which is
stronger than the one of the �ngerprint region, since the biological samples have many
more oscillators with CH bonds. Beyond 3100 cm� 1, the spectrum of water-containing
samples presents the very broad and intense Raman peak of water.

Among the vibrational techniques, vibrational absorption microscopy resonantly
probes the vibrational modes of the sample using mid-infrared (MIR) light (� � 3-10
� m) to shine it. However, vibrational microscopy is not so suitable for imaging small
structures in biological specimens because of the use of very long wavelengths that
prevents depth penetration due to water absorption and high spatial resolution because
of the diffraction limit. Raman microscopy solves this issue, by employing visible or
near-infrared (NIR) light to illuminate the sample, providing higher penetration depth
and spatial resolution than its MIR counterpart. For these reasons, Raman techniques
are particularly adequate to image biological samples, such as tissues and cells [13,14].
The simplest and most employed approach for Raman techniques is known as Spon-
taneous Raman (SR) [15]. SR employs a quasi-monochromatic visible or NIR pump
laser beam, at frequency! p. The vibrational information is encoded in the sponta-
neously emitted inelastically scattered Stokes or anti-Stokes components, at frequency
! S = ! p � 
 and! aS = ! p +
 , respectively, with
 being the vibrational resonance of
the sample. These components arise in the red-shifted (for the Stokes) and blue-shifted
(for the anti-Stokes) spectral region and can be easily collected using a spectrome-
ter after properly �ltering out the pump radiation. When dealing with applications in
life sciences, SR techniques typically acquire the Stokes component which is more
intense than the anti-Stokes one at room temperature. Indeed, the probed molecules
obey a Boltzmann distribution, so that the molecules mostly remain in their lowest en-
ergy levels at thermal equilibrium, thus preventing the possibility to populate the vibra-

2
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1.1. Introduction

Figure 1.1: Raman spectrum of a cell in the entire Raman-active region and in the corresponding �nger-
print region. The peak assignments refer to the most abundant chemical bonds in biological samples,
belonging to the four major biological molecules: lipids (black), protein (green), carbohydrates (yel-
low), and nucleic acids (blue). Adapted from [12].
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Chapter 1. Coherent raman scattering microscopy

tional levels where the anti-Stokes component generates from. Thanks to its chemical
speci�city, SR has already been used in the biomedical �eld, especially for cancer di-
agnosis [16–21]. Despite providing high chemical information from the investigated
sample, SR suffers from low scattering cross-sections, requiring long integration time
(from � 100ms to � 1s) for the acquisition of a single-pixel vibrational spectrum,
thus precluding the possibility of fast imaging. Eventually, in SR the Stokes compo-
nent sits on top of a background coming from the sample auto�uorescence, requiring
post-processing methods to subtract it.

Coherent Raman scattering (CRS) techniques [22, 23] exploit third-order nonlinear
optical processes occurring between the interacting electric �elds and the specimens
and provide higher imaging speed than SR thanks to coherent excitation of the vibra-
tional modes at the focal spot. In its simplest implementation, CRS employs narrow-
band picosecond pulses, namely the pump at frequency! p and the Stokes at frequency
! S, whose frequency shift
 = ! p � ! S is resonant with a speci�c vibrational mode
of the sample
 R . When the two trains of pulses simultaneously arrive at the sample
plane, a collective molecular oscillation is induced in the focal volume. Unlike in the
SR process, the molecules, in this case, vibrate coherently, and the signal originates
only in the focal spot, since high power densities are required to trigger the nonlinear
signal, which propagates along a phase-matched direction. Because of the non linear
nature, CRS implementations provide intrinsic 3D-sectioning capabilities without the
need for any confocal aperture.

We can summarize the main advantages of CRS techniques in the following list:

• CRS produces a signi�cantly stronger signal than SR microscopy due to a coher-
ent superposition of the vibrational responses from the excited oscillators, which
enables substantially faster imaging speeds;

• Unlike �uorescence microscopy, which uses �uorophores and stainings, CRS is a
non-invasive and label-free technique that prevents sample perturbation.

• It normally operates without population transfer far from the molecules electronic
excited states, limiting the photobleaching of biological substances; Indeed, in
comparison to the visible range, excitation in the NIR (700-1200 nm) has the ben-
e�t of having relatively low light absorption by tissuesin vivo and reduced light
scattering by turbid media, making it possible to investigate thick tissues at higher
penetration depths (typically in the 0.1-1 mm range) [24]. Reduced phototoxic-
ity and tissue damage are also other advantages of shifting the wavelength of the
beams toward the infrared.

• Similar to multi-photon �uorescence microscopy [25], CRS is a nonlinear mi-
croscopy technique and the signal is only generated in the focal volume, enabling
3D imaging without the requirement for any physical confocal apertures [26];

It is evident that despite boosting the image acquisition speed (down to hundreds
of nanoseconds or tens of microseconds per pixel) [27,28], narrowband or "single fre-
quency" CRS techniques do not offer the same wealth of information provided by SR
since they only probe a single vibrational mode at a time. Broadband CRS techniques
combine the high acquisition speed of narrowband CRS techniques with the high infor-
mation content of SR implementations, giving access to the whole vibrational spectrum

4
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1.2. Historical introduction

of the scrutinized specimen. Their implementations call for broadband sources to match
the vibrational coherences of the investigated sample occurring at many different fre-
quencies. Broadband CRS is technically demanding and it is not yet established in
clinics as narrowband CRS. According to the way the signal is collected, we may refer
to it as hyperspectral CRS and multiplex CRS.

In hyperspectral CRS, either the pump or the Stokes is rapidly tuned to match dif-
ferent vibrational modes of the samples and the signal is sequentially acquired, thus
reconstructing the spectrum pixel by pixel. In multiplex approaches, a narrowband
beam is combined with a broadband beam to generate a signal that carries the infor-
mation on a relatively large spectral region (depending on the frequency shifts covered
by their combination) of the spectrum that is acquired in parallel thus providing the
vibrational spectrum in a single shot.

The two most commonly employed CRS implementations are stimulated Raman
scattering (SRS) [29–31] and coherent anti-Stokes Raman scattering (CARS) [32–34].
SRS measures the intensity gain of the Stokes beam (stimulated Raman gain) or the
intensity loss of the pump beam (stimulated Raman loss), while CARS detects the
background-free signal at the anti-Stokes frequency! aS = ! p + 
 . The details and
the theoretical background for a comprehensive understanding of these two techniques
will be discussed in the following sections of the chapter.

1.2 Historical introduction

In 1928, Chandrasekhara Venkata Raman, together with his student K.S. Krishnan, re-
ported for the �rst time that when light passes through transparent media, the de�ected
light presents changes in frequency. The same effect was observed independently by
Grigory Landsberg and Leonid Mandelstam, in Moscow on 21 February 1928 (one
week earlier than Raman and Krishnan) [35]. This phenomenon is referred to as the
inelastic scattering of an electromagnetic �eld and was named the Raman effect by the
name of its discoverer, who received the Nobel Prize in physics in 1930 [36]. Even
though the potential application for molecular spectroscopy was clear from the begin-
ning, it was not until the invention of the �rst working ruby laser by Theodore Harold
Maiman in 1960 that its technical implementation became possible. After that, the
Raman effect became one of the most popular ways to perform molecular analysis.
However, the slowness of data acquisition, due to its incoherent nature, prevents fast
imaging. The �rst evidence of the stimulated Raman effect dates back to 1962. The
effect was discovered accidentally by Eckhardt after the discovery of the laser since
the process requires a laser power density of the order of108W/cm2 only achievable
through stimulated emission of radiation. The �rst demonstration of CARS have been
done in 1964 by Yajima and Takatsuji and later in 1965 by Maker and Terhune, who
discovered that a four-wave-mixing process can be resonant with the vibrational modes
of a sample. Since then, both SRS and CARS implementations have been widely used
for spectroscopic applications. In 1982, Duncan [37] reported the �rst work of CARS
imaging using gas lasers, while in 1999 Zumbush [34] realized CARS imaging using
solid-state lasers. In the same year, Xie's group developed a novel CARS microscope
characterized by a collinear geometry of two laser beams and raster scanning using
near-infrared wavelengths, demonstrating the �rst biological applications with coher-
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Chapter 1. Coherent raman scattering microscopy

ent Raman [38]. The use of collinear geometry and near-infrared wavelengths greatly
simpli�ed the instrumentation and biocompatibility, triggering many applications and
innovations. While CARS microscopes were invented in the early 1980s, it was only
in 2007 that the �rst SRS microscope was developed [30]. Indeed, only after the use of
modulation of the laser beams at MHz rate and phase-sensitive lock-in ampli�er detec-
tion schemes, it was possible to measure SRS signals at reasonable pixel dwell times. In
2008, Xie's group reported a high-speed SRS microscope for biological imaging [29].
Nowadays, Coherent Raman scattering microscopy is a potent method for revealing the
chemical mechanisms within living cells and functional materials.

1.3 Light-matter interaction

The following subsections will introduce the fundamental basics for a comprehensive
understanding of the processes involved in Coherent Raman scattering. This theoretical
introduction starts with the description of a simple yet effective model to study the
interaction between electromagnetic waves and continues with the main concepts of
spontaneous Raman and coherent Raman processes, such as CARS and SRS.

1.3.1 Harmonic oscillator

The simplest way to describe a molecule interacting with an electromagnetic �eld is to
start by modeling the molecule as a mass attached to a spring characterized by stiffness
k, as depicted in Fig. 1.2. Through this picture, it is possible to give an intuitive
explanation of Raman scattering [39].

Figure 1.2: Mass-spring system.x0 is the equilibrium position, whilex is the relative displacement.
Adapted from [39]

The system described is a harmonic oscillator, an ideal object whose temporal os-
cillation is a sine or cosine wave with constant amplitude and with a frequency that is

6
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1.3. Light-matter interaction

solely dependent on the system parameters (in this case, the mass m and the spring con-
stantk). Consider a mass attached to a spring and set vertically, subjected to gravity.
At equilibrium, we can write the equation describing its center of mass as:

mg � kx0 = 0; (1.1)

wherex0 represents the equilibrium position. Using the second dynamics law, it is
possible to study the displacementx of the center of mass with respect tox0, which
reads:

d2x
dt2

+ ! 2
0x = 0; (1.2)

where we de�ned! 0 = k
m as the system resonant frequency. Consider now a damping

force experienced by the mass, directly proportional to its velocity and to a damping
coef�cient 
 . We can add this term to eq. (1.2) and we �nd:

d2x
dt2

+ 2

dx
dt

+ ! 2
0x = 0; (1.3)

Since we would like to model the interaction with the electromagnetic �eld, we
need to take into account a periodically oscillating excitation force. Hence we de�ne
F (t) = F0 cos(!t ), whereF0 represents the amplitude, while! is the angular fre-
quency. Introducing this driving forceF (t), eq.(1.3) becomes:

d2x
dt2

+ 2

dx
dt

+ ! 2
0x =

F (t)
m

; (1.4)

To solve this equation, it is more convenient to introduce the complex exponential
notation, whereF (t) = F0e� i!t . Therefore, we can look for a solution of the form
x(!; t ) = x(! )e� i!t , that simpli�es the calculus of the temporal derivatives. Plugging
these expressions in eq.(1.4) we �nd:

(� ! 2 � 2i
! + ! 2
0)x(! )e� i!t =

F0e� i!t

m
; (1.5)

From eq.(1.5), we can �nd the solutionx(! ):

x(! ) =
F0=m

! 2
0 � ! 2 � 2i
!

; (1.6)

Close to the resonance (! � ! 0) and for small damping coef�cient (
 � ! 0), the
solution of eq.(1.6) can be approximated by a complex Lorentzian function [39]:

x(! ) =
� F0=(2m! 0)
(! � ! 0) + i


; (1.7)

1.3.2 Vibrational modes

In the previous section, we modeled a molecule as a single mass attached to a spring.
This led to eq.(1.6), which describes the movement of the mass varying the frequency
of the driving force. Let us now generalize the model to describe the vibrational modes
of a molecule. A vibrational mode is a periodic motion of the atoms of a molecule

7



i

i

“output” — 2023/2/8 — 13:32 — page 8 — #20
i

i

i

i

i

i

Chapter 1. Coherent raman scattering microscopy

relative to each other, such that the center of mass remains still. Every vibrational mode
is associated with a resonance frequency
 R , dictated by the atomic mass, the atomic
species, the number of involved chemical bonds, the molecule geometry and symmetry,
and the presence of possible hydrogen bonds. Typically, the resonance frequency of
roto-vibrational modes is in the range from 1 to 4000 cm� 1 and it can be probed by
absorption spectroscopy using mid-infrared light (Fig.1.3.(b)).

A molecule withn atoms with a non-linear geometry presents3n � 6 vibrational
modes. For example, water molecules (H2O) has three vibrational modes (Fig.1.3.(a)).
For a linear molecule, the number of vibrational modes is3n � 5, therefore, a diatomic
molecule (n=2) has just one vibrational mode, which is the stretching mode. Let us
now model a diatomic molecule as a system constituted by two point masses, respec-
tively m1 and m2, connected by a spring. We will assume that the equilibrium distance
between the point masses isx0 and the resonant frequency is
 R . We will also assume
that the diatomic molecule taken into account is polar and presents an asymmetric dis-
tribution of charges, in particular, the atom m1 will have a charge+ q, while the atom
m2 will have a charge� q. The model is shown in Fig.1.3.(c).

Figure 1.3: (a) Vibrational modes of H2O. (b) Absorption diagram. (c)Model of a diatomic molecule
and light-matter interaction model. Adapted from [39]

Let us consider the interaction with an electric �eld~E(t) with angular frequency!
and linearly polarized along the molecule axis. The �eld will generate a Lorentz force
FLorentz = qE0e� i!t acting on the atoms of the molecule. We can write a formula
analogous to eq. (1.4):

d2x
dt2

+ 2

dx
dt

+ 
 2
Rx =

FLorentz (t)
�

; (1.8)

where� is the reduced mass:� = m1m2=(m1+ m2),and the damping term
 represents
the radiation loss of the oscillating dipole. Eq.(1.8) can be solved (as we solved eq.

8
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1.3. Light-matter interaction

(1.4)), �nding the approximated solution:

x(! ) =
� FLorentz =(2� 
 R)

(! � 
 R) + i

; (1.9)

The presence of an asymmetric distribution of charges in the molecule induces a
dipole moment~p, which can be expressed as~p= q~d, where~d is the vector displacement
between the atoms, directed from the negative to the positive charge. If we consider a
macroscopic medium, constituted by an ensemble ofN diatomic molecules modeled
as above, all subjected to the same electric �eld~E(t), the charge displacement of every
molecule will contribute to the total polarization of the medium, which can be calcu-
lated as the sum of all the single dipole moments:

P(! ) = Nqx(! ); (1.10)

We can now de�ne the linear electronic susceptibility as:

P(! ) = � 0� (1) (! )E(! ); (1.11)

Comparing the eq.(1.10) with eq.(1.11), and plugging in eq.(1.9), we �nd the ex-
pression of the linear susceptibility� (1) (! ):

� (1) (! ) =
� Nq2

(2� 0 � 
 R )

(! � 
 R) + i

; (1.12)

Expression (1.12) describes the vibrational contribution from the molecule to the sus-
ceptibility of the medium. The real part is related to the medium dispersion and it has
an antisymmetric shape with respect to the resonance frequency, while the imaginary
part is related to the medium absorption and is characterized by a Lorentzian shape,
centered in
 R . The width of the Lorentzian peak of=f � (1) g is directly proportional
to the damping constant
 . The real and imaginary parts are schematically depicted in
Fig.1.4.

Figure 1.4: Graph of the real and imaginary parts of the linear susceptibility.

For diluted media, the refractive index is related to<f � (1) g as:

9



i

i

“output” — 2023/2/8 — 13:32 — page 10 — #22
i

i

i

i

i

i

Chapter 1. Coherent raman scattering microscopy

n(! ) = n0 �
<f � (1) g

2n0
; (1.13)

in which n0 is the mean refractive index of the medium. Moreover, the absorption
coef�cient � (! ), can be calculated from=f � (1) g as:

� (! ) =
2�

� 0n0
=f � (1) g]; (1.14)

where� (! ) is expressed incm� 1 and can be found in the Lambert-Beer law, describing
the reduction of light intensity in a medium due to absorption of light, as:

I (L) = I 0 exp(� �L ); (1.15)

It is possible to exploit this feature of media in order to measure the resonance fre-
quencies of the vibrational modes, performing spectroscopy of the analyzed medium.
This technique is called IR absorption spectroscopy and allows one to identify and
quantify absorption bands corresponding to different molecular species in a sample.
However, IR spectroscopy suffers from low penetration depth and low spatial resolu-
tion since it requires the use of light with long wavelengths (in the MIR) to probe the
vibrational modes.

1.3.3 Spontaneous Raman

To circumvent the IR absorption spectroscopy limitations mentioned in the previous
section, SR can be used to reveal the vibrational modes of the samples providing higher
penetration depth and spatial resolution, thanks to the use of visible or NIR quasi-
monochromatic laser light. At thermodynamic equilibrium, the light-matter interaction
is dominated by absorption (the light is retained by the molecules) and elastic scattering
processes or Rayleigh scattering (the light deviates keeping the same frequency in a
direction that is different from the incident one). Nevertheless, a smaller fraction of the
incident light may be inelastically scattered, which means that it may be scattered at
frequencies different from the incident one. This phenomenon is known as the "Raman
effect".

In order to understand the Raman effect, let us consider again the diatomic molecule
described in the previous section. Before we assumed that the molecule was polar, that
is with an asymmetric charge distribution on the two atoms. In this part, we will drop
this assumption. However, even though a molecule is not polar, it will have a polar-
izability � that depends on the intramolecular distancex. Let us assume the molecule
is vibrating at the resonance frequency
 R . The �uctuations of the interatomic dis-
tance with respect to the equilibrium position can be described as:x(t) = x f cos(
 R t),
wherex f is the amplitude �uctuation. Assuming the displacement amplitude is small,
we can perform a Taylor expansion of the polarizability with respect to the equilibrium
position:

� (t) = � 0 +
�

@�
@x

�

0

x(t); (1.16)
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1.3. Light-matter interaction

The dipole moment induced by an electric �eld oscillating at! p, E(t) = E0cos(! pt),
can be calculated as:

~p= � 0� (t) ~E(t); (1.17)

Let us now plug the expression of the polarizability eq.(1.16) in eq.(1.17):

p = � 0

�
� 0 +

�
@�
@x

�

0

x f cos(
 R t)
�

E0 cos(! pt); (1.18)

Using the Werner formula, the eq.(1.18) reads:

p = � 0� 0E0cos(! pt)+
� 0

�
@�
@x

�
0

E0x f

2
cos[(! p � 
 R)t]+

� 0
�

@�
@x

�
0

E0x f

2
cos[(! p +
 R)t];

(1.19)
The �rst term, oscillating at the same frequency as the incoming �eld corresponds to

the Rayleigh scattering. In this case, the photons are simply scattered by the molecule
without any exchange of energy. The second term is oscillating at angular frequency
! S = ! p� 
 R and describes a red-shifted scattering known as Raman Stokes scattering.
In this case, the molecule absorbs part of the energy of the light and is promoted from
a ground state to a vibrationally excited state. Consequently, the outgoing photons
present a lower energy with respect to the incoming ones. The third term represents
the Raman anti-Stokes scattering and oscillates at! AS = ! p + 
 R . In this case, the
molecule goes from the excited state to the ground one, releasing energy. The outgoing
photons have higher energy with respect to the incoming ones, therefore they are blue-
shifted in frequency. The different types of scattering are schematically depicted in Fig.
1.5 making use of Jablonsky diagrams.

Figure 1.5: Jablonsky diagrams of (a) Rayleigh scattering, (b) Stokes Raman scattering, (c) anti-Stokes
Raman scattering. The solid lines represent the fundamental or ground statejgi , the vibrational state
jvi , and the excited statejei , while the dashed line is a virtual state.jgi andjvi are separated by the
resonance frequency
 R .

However, the majority of SR spectroscopy experimental setups detect the Raman
Stokes component. The main reason is why at thermal equilibrium, atomic level popu-
lations are described by the Boltzmann distribution (1.20), which gives the probability

11



i

i

“output” — 2023/2/8 — 13:32 — page 12 — #24
i

i

i

i

i

i

Chapter 1. Coherent raman scattering microscopy

that a system will be in the i-th state depending on the energy of the level� i and on the
temperature:

pi / e� � i =kT ; (1.20)
Therefore, the population of the excited level is lower than the one at the ground

state, and they become equal at in�nite temperatures. Thus, since to observe anti-Stokes
scattering we need the molecule to be in the excited state, we expect a lower signal with
respect to the Stokes scattering, unless the temperature is really high. From eq. (1.19),
it is evident that a vibrational mode is Raman active if it satis�es the following selection
rule:

�
@�
@x

�
0

6= 0. Similarly to IR absorption spectroscopy, Raman spectroscopy enables
the identi�cation of the vibrational levels of a substance by measuring the spectral
distance of the Raman peaks with respect to the Rayleigh scattering peak (see Fig.
1.6).

Figure 1.6: Scattered light from a molecule with a single vibrational mode at frequency
 R .

If a molecule presents inversion symmetry, its modes can be either Raman active and
not IR active or vice-versa. In particular, symmetric modes with respect to the inversion
symmetry are only Raman active, while anti-symmetric ones are only IR active. Despite
SR provides several advantages with respect to MIR absorption spectroscopy, the cross-
section of Raman scattering is rather poor: the order of magnitude is around10� 30

cm2 (while the cross-section of single photon absorption �uorescence can reach10� 16

cm2). It implies that it takes from 100 ms to 1 s for collecting a vibrational spectrum
from biological samples with a suf�ciently good signal-to-noise ratio, preventing the
possibility of fast imaging.

1.3.4 Coherent Raman Scattering

CRS provides higher imaging speed than SR thanks to the nonlinear nature of the pro-
cesses involved during the interaction of the electric �elds and the sample. In this

12
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1.3. Light-matter interaction

section, we will describe the physics behind CRS processes and then we will focus on
CARS and SRS processes.

Let us consider an incoming electric �eld, constituted by two waves, denominated
pump and Stokes, respectively with frequency! P and! S:

E(z; t) = AP ei (! P t � kP z) + ASei (! S t � ks z) + c:c:; (1.21)

The interference between the two �elds generates a beating with frequency
 = ! P �
! S. If the beating frequency
 matches the frequency of a vibrational mode,
 R = 
 ,
then the normal mode enters in resonance with the wave beating.

Let us consider again the diatomic molecule modeled as a harmonic oscillator, de-
scribed by the eq.(1.4). Let us �nd the expression of the force~F (t) evaluating the
derivative of the energyW necessary to create a dipolar moment~p(t) = � 0� (t) ~E(t).
The energy of a dipole in an electric �eld is:

W =
1
2

D
~p(z; t) � ~E(t)

E
=

1
2

� 0� (t)


E 2(z; t)

�
; (1.22)

using the expression (1.21) in the termhE 2(z; t)i :


E 2(z; t)

�
= AP A �

Sei (
 t � Kz ) + c:c:; (1.23)

The bracketsh: : : i represent the time average over one optical period.
We can now insert eq.(1.23) in eq.(1.22) and perform the derivative with respect to

the intermolecular distance obtaining:

F (t) =
dW
dx

= � 0

�
@�
@x

�

0

�
AP A �

Sei (
 t � Kz ) + c:c:
�

; (1.24)

Eq. (1.24) is the expression of the driving force due to the presence of the two
electric �elds, namely pump and Stokes, that can be now plugged in eq.(1.4). Looking
for a solution in the form:

x(z; t) = x(
) ei (
 t � Kz ) + c:c:; (1.25)

we �nd that near the resonance, the molecular vibration amplitude is:

x(
) =
�

�
� 0

2� 
 R

� �
@�
@x

�
0

AP A �
S

(
 � 
 R) + i

; (1.26)

Therefore, if the beating frequency
 gets close to the resonance frequency
 R ,
the vibration amplitude of the moleculex(
) becomes larger and induces a nonlinear
polarization.

The induced nonlinear polarization can be calculated by summing up the induced
dipole moments of the medium:

P(z; t) = Np(z; t) = N� 0

�
� 0 +

�
@�
@x

�

0

x(z; t)
�

E(z; t); (1.27)

We can now distinguish two terms from eq. (1.27):

13



i

i

“output” — 2023/2/8 — 13:32 — page 14 — #26
i

i

i

i

i

i

Chapter 1. Coherent raman scattering microscopy

1. the linear polarizationP (L ) , directly proportional to the electric �eld and oscillat-
ing at the same frequency:P (L ) = N� 0� 0E(z; t)

2. The non-linear polarizationP (NL ) :

P (NL ) = N� 0

�
@�
@x

�

0

�
x(
) ei (
 t � Kz ) + c:c:

� �
AP ei (! P t � kP z) + ASei (! S t � kS z) + c:c:

�
;

(1.28)

From eq. (1.28), we �nd four terms radiating at different frequencies:

1. A term oscillating at frequency! AS = 2! P � ! S:

P(! AS ) = N� 0

�
@�
@x

�

0

x(
) AP e� i (2kP � kS )z; (1.29)

2. A term oscillating at frequency! CS = 2! S � ! P :

P(! CS) = N� 0

�
@�
@x

�

0

x � (
) ASe� i (2kS � kP )z; (1.30)

3. A term oscillating at frequency! P :

P(! P ) = N� 0

�
@�
@x

�

0

x(
) ASe� ik P z; (1.31)

4. A term oscillating at frequency! S:

P(! S) = N� 0

�
@�
@x

�

0

x � (
) AP e� ik S z; (1.32)

These terms oscillating at different frequencies act as the sources of different non-
linear processes (Fig. 1.7).P(! AS ) gives rise to the Coherent anti-Stokes Raman
scattering (CARS),P(! CS) to the Coherent Stokes Raman scattering (CSRS), while
P(! P ) andP(! S) are the sources of Stimulated Raman scattering. CSRS is not con-
sidered when dealing with CRS techniques since! CS is in the IR where most of the
detectors are noisy and with lower quantum ef�ciency.
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1.3. Light-matter interaction

Figure 1.7: (a) Input Stokes and pump pulses in CRS processes. Jablonsky diagrams of (b) Coherent
anti-Stokes Raman scattering (CARS), (c) Coherent Stokes Raman scattering (CSRS), (d) Stimulated
Raman Gain (SRG). (e) Stimulated Raman Loss (SRL). (f) Output �elds and generated signals (not
in scale).

These expressions of the polarization suggest that CRS processes arise from the
third-order nonlinear optical interaction since the interaction among three electric �elds
is required to give rise to the nonlinear signal. Therefore, CRS processes are four-wave
mixing phenomena mediated by the third-order nonlinear susceptibility of the medium
� (3) .

1.3.5 Third order non-linear processes

In order to describe third-order nonlinear optical phenomena, third-order polarization
should be taken into account. It can be written as:

P (3)
i (t) = � o

Z + 1

�1
dt0

Z + 1

�1
dt00

Z + 1

�1
dt000� (3)

ijkl (t0; t00; t000)

E j (t � t0)Ek(t � t0 � t00)E l (t � t0 � t00� t000)
(1.33)

Applying some approximations, we can simplify eq. (1.33) as:

P (3) = � 0� (3) E 3(t); (1.34)

Let us now introduce an incoming electric �eld de�ned as:

E(t) = A1 cos(! 1t + � 1) + A2 cos(! 2t + � 2) + A3 cos(! 3t + � 3); (1.35)

The third order non-linear polarization could be calculated substituting (1.35) in (1.34),
�nding:

P (3) = � 0� (3) [A1 cos(! 1t + � 1) + A2 cos(! 2t + � 2) + A3 cos(! 3t + � 3)]3 ; (1.36)
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Chapter 1. Coherent raman scattering microscopy

Performing the calculations, we �nd 22 different terms oscillating at different fre-
quencies. These polarization terms act as new sources giving rise to radiation at the
same frequency. The 22 terms can be classi�ed in the following way:

• 3 terms at the original frequencies! 1, ! 2 and! 3, which give rise to the Optical
Kerr effect,

• 3 terms at the third harmonics3! 1, 3! 2 and3! 3, which is called Third Harmonic
Generation (THG),

• 6 terms at2! i + ! j , with i 6= j ,

• 6 terms at2! i � ! j , with i 6= j ,

• 1 term at! 1 + ! 2 + ! 3,

• 3 terms at! i + ! j � ! k , with i 6= j 6= k,

Therefore, a wave at a different frequency is obtained as an output. The whole
process could be seen as an interaction among four waves (Fig. 1.8). For this reason,
third-order phenomena are also called Four Wave Mixing (FWM) processes [40].

1.3.6 Propagation equation in Four-Wave Mixing processes

Starting from Maxwell equations and considering the propagation in nonlinear optical
media, it is possible to derive, under the slowly varying envelope approximation and
the plane wave approximation, the envelope propagation equation for short laser pulses
in nonlinear media that, if we neglect the dispersions, reads:

@A
@z

+
1

vg(! 0)
@A
@t

= �
i� 0! 0c
2n(! 0)

e� i � kzB (1.37)

where A e B are the envelopes of the electric �eld and of the nonlinear polarization
(E(z; t) = <

�
A(z; t)ei (! 0 t � k0z)

	
andP (NL )(z; t) = <

�
B(z; t)ei (! 0 t � kp z)

	
), vg is the

group velocity and� k is the wavevector mismatch. We would like to use this equation
for the FWM phenomena.

Let us de�ne the incoming electric �eld in the exponential form:

E(t; z) =
1
2

�
A1(t; z)ei (! 1 t � k1z) + A2(t; z)ei (! 2 t � k2z)+

+ A3(t; z)ei (! 3 t � k3z) + A4(t; z)ei (! 4 t � k4z) + c:c:
	 (1.38)

where the expressionc:c:stands for complex conjugate.

Figure 1.8: Conceptual scheme of the interaction between light and matter considering third order
nonlinear optical processes in the FWM frame.
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1.3. Light-matter interaction

Let us now assume! 1 + ! 3 = ! 2 + ! 4, and let us focus on the terms oscillating
at the same frequencies as the incoming waves. Substituting (1.38) in (1.37) we �nd,
after some calculations, that the third order polarization term oscillating at frequency
! 1, namelyP (3)

! 1 reads:

P (3)
! 1

(t; z) =
� 0� (3)

4
3A2(t; z)A4(t; z)A �

3(t; z)ei [( ! 2 � ! 3+ ! 4 )t � (k2+ k4 � k3 )z + c:c:; (1.39)

The same reasoning could be applied to all the other terms oscillating at the original
frequencies, obtaining:

8
>>>>><

>>>>>:

P (3)
! 1 (t; z) = 3� 0 � (3)

4 A2(t; z)A4(t; z)A �
3(t; z)ei [! 1 t � (k2+ k4 � k3 )z] + c:c:

P (3)
! 2 (t; z) = 3� 0 � (3)

4 A1(t; z)A3(t; z)A �
4(t; z)ei [! 2 t � (k1+ k3 � k4 )z] + c:c:

P (3)
! 3 (t; z) = 3� 0 � (3)

4 A2(t; z)A4(t; z)A �
1(t; z)ei [! 3 t � (k2+ k4 � k1 )z] + c:c:

P (3)
! 4 (t; z) = 3� 0 � (3)

4 A1(t; z)A3(t; z)A �
2(t; z)ei [! 4 t � (k1+ k3 � k2 )z] + c:c:;

(1.40)

From (1.39), we found that the envelope ofP (3)
! 1 can be written as:

B(t; z) =
3� 0� (3)

4
A2(t; z)A4(t; z)A �

3(t; z); (1.41)

We can now plug (1.41) in (1.37) and develop the calculation for the wave at fre-
quency! 1. Therefore, the propagation equation becomes:

@A1
@z

+
1

vg(! 1)
@A1
@t

= �
i� 0! 1c
2n(! 1)

3� 0� (3)

4
A2A4A �

3e� i (k2+ k4 � k3 � k1 )z; (1.42)

Let us de�nekp � k2 + k4 � k3, and� k = k1 � kp. We can proceed rewriting (1.42)
as:

@A1
@z

+
1

vg(! 1)
@A1
@t

= �
i3! 1� (3)

8cn(! 1)
A2A4A �

3ei � kz ; (1.43)

where we exploited the relation� 0� 0 = 1
c2 . Plugging the envelope of the polarization

written in (1.40) and proceeding with analogous calculation we �nd:
8
>>>>><

>>>>>:

@A1
@z + 1

vg (! 1 )
@A1
@t = � if 1A2A4A �

3ei � kz

@A2
@z + 1

vg (! 2 )
@A2
@t = � if 2A1A3A �

4e� i � kz

@A3
@z + 1

vg (! 3 )
@A3
@t = � if 3A2A4A �

1ei � kz

@A4
@z + 1

vg (! 4 )
@A4
@t = � if 4A1A3A �

2e� i � kz ;

(1.44)

where we made use off i , de�ned asf i � 3! i � (3)

8cn(! i )
. It is possible to observe that the set of

equations (1.44) represents the propagation equation for four-wave mixing phenomena
(neglecting dispersion for simplicity), which are characterized by the direct dependence
on the term� (3) , which will be analyzed in details in the following.
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Chapter 1. Coherent raman scattering microscopy

1.4 The CARS process

Coherent Anti-Stokes Raman scattering (CARS) can be generated by exploiting two
pulses centered at different frequencies, namely the pump pulse at frequency! P and
the Stokes pulse at frequency! S. When the frequency mismatch
 = ! P � ! S matches
a resonance frequency
 R of the scrutinized sample, all the molecules in the focal spot
are resonantly excited. The vibrational mode is read by means of the interaction with a
third beam, called probe beam at frequency! pr . In this con�guration, the CARS signal
will be emitted at the anti-Stokes frequency! aS = ! P � ! S + ! pr . Typically, one
chooses to work with! pr = ! P , thus working in the degenerate CARS con�guration,
where! aS = 2! P � ! S.

To derive the expression of the intensity of the CARS signal, we will start from
the expression of the envelope of the third-order nonlinear polarization oscillating at
frequency! AS . Being a four-wave mixing process, we can write it referring to the eq.
(1.41) and taking also into account the tensorial nature of the third-order susceptibility:

P (3)
i (~r; ! aS) =

3� 0

4

X

j;k;l

� (3)
ijkl EPj (~r)EPk (~r)E �

Sl
(~r) (1.45)

in which i; j; k; l = f x; y; zg. Since the Raman scattered light can be depolarized with
respect to the incident one, we can de�ne the Raman depolarization ratio� R as:

� R =
I R(? )
I R(k)

; (1.46)

whereI R(k) is the Raman intensity polarized as the pump, whileI R(? ) is perpendicular
to it. The Raman depolarization ratio is a number between0 and 3

4 , depending on the
vibrational mode stimulated. Considering isotropic media where one-photon transitions
at ! P or ! S are not occurring, it can be proved [39] that~P(~r) can be expressed in terms
of the tensor element� (3)

xxyy and the Raman depolarization ratio as:

~P (3) (~r; � R ; ! aS) =
3� 0

2
� (3)

xxyy

� h
~EP (~r) � ~E �

S(~r)
i

~EP (~r)+

� R

1 � � R

h
E 2

Px
(~r) + E 2

Py
(~r) + E 2

Pz
(~r)

i
~E �

S(~r)
	

;
(1.47)

Several considerations could be pointed out:

• if the pump and Stokes beams are linearly polarized in the same direction, the
nonlinear polarization is collinear with them;

• on the other hand, if the pump and Stokes �elds are linearly polarized in mutually
perpendicular directions (thus,~EP (~r) � ~E �

S(~r) = 0 ), the induced polarization is
aligned with the Stokes beam and the totally polarized Raman bands, character-
ized by� R = 0, can not be stimulated,

• If � R = 0, the polarization is collinear with the pump �eld, and maximized for
~EP (~r) k ~E �

S(~r),
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1.4. The CARS process

• The bigger� R , the bigger the second term of eq. (1.47), resulting in a larger
contribution of the anti-Stokes �eld along the Stokes direction.

For simplicity, in the following, we will assume that� R = 0 and that the pump and
Stokes �elds are linearly polarized in the same direction. Under these assumptions and
under the following conditions:

! 1 = ! 3 = ! P ; ! 2 = ! S; ! 4 = 2! P � ! S = ! aS; (1.48)

the induced non-linear polarization giving rise to the CARS signal reads as the expres-
sion (1.40), that is:

P (3)
! aS

=
3� 0� (3) (! aS)

4
A2

P A �
Sei [! aS t � (2kP � kS )z] + c:c:; (1.49)

where we discarded the vectorial nature since we will consider collinear geometry in
the following. We can now substitute the expression of the polarization of eq. (1.49) in
the propagation equation (1.37) and move to the local time frame �nding the following
propagation equation:

dAaS

dz
= �

3i! aS

8cn(! aS)
� (3) (! aS)A2

P A �
Se� i � kz ; (1.50)

where� k = 2kP � kS � kaS. Let us now evaluate the CARS signal amplitude, after
propagating over a distanceL in a medium, integrating (1.78):

AaS(L) =
Z L

0

dAaS

dz
dz = �

3i! aS

8cn(! AS )
� (3) (! aS)A2

P A �
SLsinc

�
� kL

2

�
ei � kL

2 ; (1.51)

where the function sinc(x) = sin( x)=x. From eq. (1.51), we can derive the expression
of the intensity of the CARS signal,I aS, knowing thatI / j Aj2:

I aS(L) / j � (3) (! aS)j2L2sinc2

�
� kL

2

�
I 2

P I S; (1.52)

Eq. (1.52) represents the expression of the CARS signal coming out of a medium with
lengthL. From this expression, we can point out that:

1. The signal scales quadratically on the pump intensity and linearly on the Stokes
one. Therefore, increasing the pump intensity is more bene�cial to enhance the
signal.

2. The signal scales quadratically on the width of the mediumL. Thus, it is hard to
extract signals from thin samples.

3. In order to get a high intensity, the phase matching condition� kL ' 0 should
be ful�lled. This condition can be satis�ed either for� k ' 0 or for L ' 0. The
former expression means that:

� k = 2kP � kS � kaS ' 0; (1.53)

where the wave vectors can be written as:

kP =
nP ! P

c
; kS =

nS! S

c
; kaS =

naS! aS

c
; (1.54)
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Chapter 1. Coherent raman scattering microscopy

andni = n(! i ). Due to the material dispersion,nP 6= nS 6= naS, that implies
that the phase matching condition is not satis�ed. However, under tight-focusing
conditions, which are valid in microscopy where high numerical aperture objec-
tives are used,� k is approximately equal to zero. The second case in which the
phase matching condition can be ful�lled is for small and thin scatterers, in which
L < � p. This is particularly exploited in epi-detection CARS where the anti-
Stokes component is collected in re�ection and for which� k = 2kp � kS + kaS =
2kaS 6= 0 so that only small scatterers can contribute to the signal generation.
When phase matching condition is satis�ed, sincelimx! 0sinc(x) = 1 , we can
simplify the expression of CARS intensity as:

I aS(L) / j � (3) j2L2I 2
P I S: (1.55)

4. The CARS intensity also depends onj� (3) j2. We will see in the following section
that � (3) is related to the concentration of scatterers. It implies that if the con-
centration is close to zero, dilute samples are hardly detected due to the square
dependence on it. Other important considerations may be done starting from this
dependence, as it will be extensively discussed in the following section.

1.4.1 Resonant and non-resonant contribution to CARS

In the previous section, the CARS process has been described analyzing the four-wave
mixing propagation equation generating a signal oscillating at! aS. When dealing with
the detection of the anti-Stokes component, one realizes that it is always present, even
at frequency differences that are out of any vibrational resonance of the investigated
specimen. To understand this phenomenon, we can consider the generation of the anti-
Stokes component through the Jablonsky diagrams reported in Fig.1.9.

Figure 1.9: Jablonsky diagrams of (a) Resonant Coherent anti-Stokes Raman scattering (Resonant
CARS), (b) Non-resonant Coherent anti-Stokes Raman scattering (Non-resonant CARS).

As we can see, starting from a pump beam and a Stokes beam, two different pro-
cesses give rise to a signal at frequency! aS = 2! p � ! S. In the �rst case, a molecule
is excited to a virtual level by the pump electric �eld. Then, stimulated by the Stokes
�eld, it relaxes to a vibrational level. Subsequently, it is again excited by the pump
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1.4. The CARS process

�eld, reaching a new virtual state. Eventually, it relaxes to the ground state emitting an
electromagnetic wave at frequency! aS. This contribution is called Resonant CARS,
and it carries information about the energy of the vibrational state, which can be calcu-
lated asE jvi = ~
 R = ~! AS � ~! P . In the second case, after the molecule is excited
by the pump �eld, reaching an intermediate virtual state, it interacts with the pump �eld
again, reaching a new virtual state. Then, stimulated by the Stokes �eld, it relaxes to
the ground state emitting two �elds, namely the Stokes and the anti-Stokes component.
This anti-Stokes component is called Non-Resonant CARS, since it is not related to any
vibrational mode of the sample, indeed, it originates from the instantaneous electronic
response of the medium.

Both contributions appear in the expression of the third-order susceptibility, which
can be written as:

� (3)
V IB = � (3)

R + � (3)
NR ; (1.56)

The resonant part� (3)
R is characterized by a real and an imaginary part and is re-

lated to the vibrational modes. While, far from electronic resonances, the non-resonant
susceptibility� (3)

NR is real and constant.
We can derive the expression of the resonant term by comparing the eq. (1.29) of

the polarization with the eq. (1.49) that reads:

� (3)
R =

4
3AP A �

S
N

�
@�
@x

�

0

x(
) (1.57)

We can plug in (1.57) the expression ofx(
) found in (1.26) obtaining:

� (3)
R =

aV IB

(
 � 
 R) + i

; (1.58)

with aV IB = � 2N� 0
3� 
 R

�
@�
@x

� 2

0
a negative number which represents the oscillator strength

of the molecular vibration. So far, we assumed only one vibrational mode, however,
expression (1.58) can be easily generalized to a vibrational spectrum withM different
modes writing the third-order susceptibility as:

� (3)
V IB =

MX

i =1

aV IB;i

(
 � 
 R i ) + i
 i
+ � (3)

NR (1.59)

where� (3)
R =

P M
i =1

aV IB;i

(
 � 
 R i )+ i
 i
represents the resonant part in (1.59). For simplicity,

from now on we will consider just one vibrational mode.
Let us now consider the CARS signal intensity and its dependence on the square

modulus of� (3)
V IBR :

I AS /
�
� � (3)

�
�2

/
�
�
� � (3)

R + � (3)
NR

�
�
�
2

(1.60a)

/
�
�
� � (3)

R

�
�
�
2

+
�
�
� � (3)

NR

�
�
�
2

+ 2Ref � (3)
R � (3) �

NR g (1.60b)

/
�
�
� � (3)

R

�
�
�
2

+
�
�
� � (3)

NR

�
�
�
2

+ 2� (3)
NR Ref � (3)

R g (1.60c)
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Chapter 1. Coherent raman scattering microscopy

where we considered that� (3)
NR is real. Analyzing eq. (1.60c), it is possible to observe

that the CARS intensity is the sum of three different contributions:

1. A resonant contribution represented by the term
�
�
� � (3)

R

�
�
�
2
. This term carries vibra-

tional information.

2. A non-resonant contribution represented by the term
�
�
� � (3)

NR

�
�
�
2
. This term is almost

constant in the spectral domain if far from electronic resonances.

3. The last term,2� (3)
NR Ref � (3)

R g, is mixing the resonant and non-resonant parts giv-
ing rise to a heterodyne contribution.

Because of the interference term between the resonant and the non-resonant com-
ponent, the CARS spectrum appears distorted with respect to the Spontaneous Raman
spectrum. Indeed, the second and third terms of the equation give rise to the so-called
non-resonant background (NRB). On the one hand, the NRB acts as a signal ampli-
�er since the peaks sit on top of an almost �at signal (the second term); on the other
hand, it distorts the typical Lorentzian peaks that assume a dispersive lineshape (due
to Ref � (3)

R g in the third term), red-shifting the maximum of the peaks and making a
minimum appear in the blue-shifted portion of the Raman peak. A representation of
the different contributions to the CARS signal is reported in Fig. 1.10.

Figure 1.10: Anti-Stokes signal (blue line) in the spectral domain: the contributions from the resonant
(orange line), non-resonant (yellow line), and heterodyne terms (purple line) are highlighted.

Decreasing the ratio between the resonant and the non-resonant part of the third-
order susceptibility, the CARS signal is progressively more distorted but more ampli�ed
(Fig. 1.11).
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1.4. The CARS process

Figure 1.11: CARS signal varying the ratio between the resonant and the non-resonant contributions,

respectively with (a)j �
(3)
R j

j � (3)
NR j

= 2 , (b) j � (3)
R j

j � (3)
NR j

= 1 , (c) j � (3)
R j

j � (3)
NR j

= 0 :5.

The NRB signal shows some differences with respect to the resonant one.

1. At resonance, the NRB is dephased with respect to the resonant contribution.

2. The resonant contribution carries information on the population of a vibrational
level, it will have a coherence time typically in the order of a few picoseconds.
On the other hand, the NRB arises from instantaneous electronic response of the
medium [41], in which only virtual levels are populated, therefore it exists only
close to time zero, with the largest contribution lasting on the order of the excita-
tion pulse duration.

Since only the resonant term carries information regarding the vibrational modes and
therefore is the only meaningful part for spectroscopic applications, it is generally de-
sired to remove the NRB from the CARS signal. Different approaches may be adopted
to get rid of the NRB: one can either optically remove it via polarization CARS [42],
time-resolved CARS [43, 44], and Fourier-transform CARS [32, 45] or remove it in
post-processing using either numerical methods (Time-domain Kramers Kronig [46]
and Maximum-Entropy-Method [47]) or deep learning based methods [48–50]. We
will extensively discuss these methods in the following sections.

1.4.2 Broadband CARS

In the previous sections, we described the so-called single-frequency regime for CARS
that enables the user to reach extremely high acquisition speeds, up to the video rate
[27,51]. However, the information content is strongly reduced with respect to SR, since
narrowband pulses allow one to probe a single vibrational transition. Broadband CARS
(BCARS) overcomes these hurdles by combining the high information content of SR
spectroscopy with the high acquisition speed of CRS processes, as shown in Fig. 1.12.
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Chapter 1. Coherent raman scattering microscopy

Figure 1.12: Comparison between SR and CARS techniques in terms of imaging speed and information
content. Adapted from [24].

BCARS is more challenging than narrowband CARS microscopy since it requires
more sophisticated technical implementations both for the handling and generation of
the optical sources and for the detection of the signal. According to the way, the anti-
Stokes spectrum is generated, we can distinguish two BCARS categories: hyperspectral
CARS and multiplex CARS (see Fig. 1.13).

Hyperspectral CARS implementations employ two narrowband picosecond beams,
the pump, and the Stokes, which are rapidly detuned to match the different Raman shifts
in the sample. One usually tunes the Stokes beam to sequentially generate different anti-
Stokes components. The spectrum is reconstructed by acquiring subsequent anti-Stokes
signals. One method that allows us to rapidly tune the frequency shift between the pump
and Stokes pulses has been pioneered by Hellerer and coworkers [52] and is known as
the spectral focusing (SF) technique. The SF technique couples temporally chirped
broadband femtosecond pump and Stokes pulses obtained by letting transform-limited
pulses propagate into any dispersive medium so that the frequencies are distributed over
time and the pulse length reaches a duration of several picoseconds. If the pump and
Stokes pulses are both equally chirped, it turns out that their instantaneous frequency
difference is constant, and can be varied by adjusting the delay between the two trains
of pulses. In this way, a single mode at a time is probed despite using broadband
pulses. The SF technique has been used for CARS microscopy and spectroscopy [52–
57]. An important advancement to the technique has been introduced by Langbein et al.
[58] who �rst realized spectral focusing using a single broadband sub-10-fs Ti:sapphire
oscillator. This con�guration was adopted then in many works [59–62].

On the other hand, multiplex CARS [63–75] combines a narrowband pump beam
with a broadband Stokes beam generating a broadband anti-Stokes component, thus
probing in parallel different Raman modes that may be acquired in the frequency do-
main using a spectrometer or in the time domain using a Fourier Transform approach.

Several implementations have been proposed for multiplex CARS. Some of them
employ a single ultra-broadband laser providing both pump and Stokes frequencies
[76,77], while others combine narrowband pump pulses with broadband Stokes pulses
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1.4. The CARS process

obtained by supercontinuum generation in a tapered �ber [78] or a photonic crystal
�ber (PCF) [79–81]. Some methods are based on a time-domain Fourier transform
approach [32,45,82–87] or use frequency combs [88–93], while others detect the CARS
signal using a simple spectrometer.

We can summarize the state-of-the-art of BCARS applications by citing three main
works. Hashimoto et al. [32] demonstrated broadband (spectral coverage: 200 – 1500
cm� 1) CARS spectroscopy at a record scan rate of 24,000 spectra/s using a time-domain
Fourier-transform approach, while Camp et al. [94] reported ultra-broadband (spectral
coverage: 500 – 3500 cm� 1) multiplex CARS microspectroscopy at 3.5-ms pixel ex-
posure time when imaging biological tissues. More recently, Yoneyama et al. [67]
proposed a multiplex CARS microscope (spectral coverage: 600 – 3600 cm� 1) with
exposure time down to 0.8 ms, using a high-peak-power supercontinuum generated
in a PCF pumped by a Q-switched microchip Nd: YVO4 laser oscillator generating
sub-100-ps laser pulses at a 0.82-MHz repetition rate.

Figure 1.13: Jablonski diagrams of the two categories of BCARS: hyperspectral CARS and Multiplex
CARS.

One of the main advantages of using BCARS rather than its narrowband counterpart
is the role played by the NRB. As anticipated in the sections above, the NRB distorts
and shifts the vibrational line shapes, limiting the sensitivity of the CARS apparatus.
However, it can also act as a phase-coherent local oscillator, allowing heterodyne am-
pli�cation of the weak resonant Raman response [95]. In a narrowband con�guration,
such ampli�cation is of little help, since one acquires a single point and not the spec-
trum, in BCARS the NRB can be exploited to enhance the signal-to-noise ratio (SNR)
of the measured spectra [94]. In this case, in order to extrapolate the pure vibrational
information, the line shape distortions can be removed by exploiting numerical meth-
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Chapter 1. Coherent raman scattering microscopy

ods [46,47,96,97] or deep-learning approaches [48–50].
Despite many technical advancements in the detection systems, leading to higher

speed and broader spectral coverage, many B-CARS systems are designed to collect
Raman spectra only in the CH-stretching region [98] (2800 - 3100 cm� 1), a spectral
range that features a high density of oscillators. The spectral information in this region
is rather unspeci�c, since it features a small number of broad Raman peaks, preventing
accurate identi�cation of different biological compounds within chemically heteroge-
neous biological samples. On the contrary, the low-wavenumber spectral region (400-
1800 cm� 1), also known as “�ngerprint”, presents sharp and distinct peaks providing
high biochemical speci�city. However, the �ngerprint region features weaker Raman
signals requiring either longer integration times or higher average power of the pump
and Stokes beams to obtain suf�ciently high SNR. These requirements could damage
the imaged biological samples. Moreover, the Raman peaks in the �ngerprint region
present a narrow linewidth and are spectrally congested, demanding a combination of
high spectral resolution (down to 10 cm� 1) and broad spectral coverage, which are
technically challenging to achieve.

Figure 1.14: Comparison of different BCARS systems in literature in terms of speed and spectral cover-
age. For the comparison, we referred to the following works [32,67,76,78,83,88,94,99,100].

In the following chapters, we will describe a novel method for BCARS based on an
ampli�ed femtosecond ytterbium laser system operating at a 2-MHz repetition rate to
generate pulses at 1035 nm with signi�cantly more energy (at the� J level) than con-
ventional systems, typically operating at 40 or 80 MHz. This unlocks two important ad-
vantages. The �rst one is the possibility to produce ultra-broadband red-shifted Stokes
pulses covering the entire Raman-active region (500-3100 cm� 1) exploiting white light
continuum (WLC) generation [101] in a bulk crystal rather than PCFs, as previously
reported in the literature. WLC in bulk media represents a more compact, reliable, easy-
to-use, and alignment-insensitive approach. It features long-term stability, comparable
with that of the pump laser source itself, signi�cant mutual correlations between the
intensities of its spectral components, and low pulse-to-pulse variations [102].

The second advantage relates to the employment of a lowered repetition rate source.
On the one hand, a repetition rate of 2 MHz determines a 0.5-� s temporal delay between
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1.4. The CARS process

two consecutive pulses, giving the system more time to dissipate thermal energy and
lessening photothermal damage [103]. On the other hand, for a given average power
at the focus, constrained by sample degradation, more pulse energy leads to higher
peak intensity, providing a stronger B-CARS signal thanks to the nonlinearity of the
involved optical processes. Therefore, higher SNR and/or acquisition speed can be
reached, without compromising the sample integrity.

In our setup, we use a multiplex CARS con�guration. The signal is generated by
overlapping narrowband pump pulses with broadband Stokes pulses, obtained through
WLC generation in a 10 mm YAG crystal. The resolution of the system is provided
by the narrowband pump beam, obtained by narrowing the spectral linewidth of the
driving laser pulses(< 10cm� 1) via an etalon. The comparison of the performance of
our experimental setup with the one in the literature mentioned above can be summa-
rized in a graph that plots the spectral coverage in cm� 1 versus the speed measured as
spectra/sec (see Fig.1.14). This plot clearly demonstrates that our setup is at the state of
the art in terms of spectral coverage enabling us to measure of full spectrum and it also
features high acquisition speed, if we do not consider the work of Hashimoto et al. [32]
that demonstrates very high-speed CARS spectroscopy, but not microscopy. Further
details on the experimental BCARS setup will be discussed in chapter 3.

1.4.3 Two-color and three-color CARS

In section 1.4.1, we described the CARS process through the Jablonsky diagram in
Fig. 1.9, where the generation of the anti-Stokes component is possible thanks two a
double interaction with the pump beam and a single interaction with the Stokes beam.
However, in the BCARS frame, two different excitation methods can be exploited to
generate the anti-Stokes component. The interplay between these two processes de-
pends on the order of interactions between the pump and Stokes pulses and on the
properties (pulse duration and spectral bandwidth) of the employed optical sources.
These two processes are the two-color and three-color mechanisms and act in parallel
thus enabling us to collect signals in two different spectral regions simultaneously. To
understand their differences, we may start with the expression of the CARS intensity.
We previously demonstrated (in Eq. (1.52)) that the CARS intensity scales quadrati-
cally with the third-order nonlinear polarizationP (3) (! aS), generated in the scrutinized
sample as a result of the interaction of the pump~EP and Stokes~ES electric �elds and
the sample itself. Considering the nonlinear third-order susceptibility� (3)

V IB of the in-
vestigated specimen, the CARS intensity expression reads as follows [94]:

I CARS / j P (3) (! aS)j2 /
�
�
�
n

� (3)
V IB (! ) [ES(! ) 
 EP (! )]

o
� EP (! )

�
�
�
2

; (1.61)

Where, in (1.61),
 and� represent the cross-correlation operation and the convo-
lution operation, respectively. This equation states that the cross-correlation term is
responsible for the vibrational modes excited by the combination of pump and Stokes
beams, while the convolution operation with the narrowband pump �eld, assumed that
the cross-correlation is broad enough, de�nes the spectral resolution of our system. Eq.
(1.61) describes the two-color CARS mechanism (in Fig. 1.15.(a)), where the narrow-
band pump beam interacts with the broadband Stokes beam to stimulate the vibrations
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Chapter 1. Coherent raman scattering microscopy

of the scrutinized samples, and then a second interaction with the narrowband pump
beam probes the vibrational modes, provoking the emission of the anti-Stokes compo-
nents. In this case, the modes excited derive from the inter-pulse interaction between
the pump and Stokes beam, hence, they are determined by the differences in their fre-
quencies.

Nevertheless, if the broadband Stokes beam is short enough (shorter than the vi-
brational oscillation period), an intra-pulse excitation mechanism occurs at the sample
plane. This excitation mechanism is known as impulsive CARS or three-color mecha-
nism (in Fig. 1.15.(b)). The vibrational coherence is directly generated by the broad-
band Stokes pulse, according to the so-called “impulsive stimulated Raman scattering”
(ISRS) mechanism [104, 105]. The ISRS process creates a vibrational coherence in
all modes with frequencies falling within the excitation Stokes bandwidth, provided
that the pulse has a temporal duration close to the transform-limited value, so that all
frequencies interact nearly simultaneously with the sample. After the excitation, the
narrowband pump beam acts as a probe thus determining the �nal emission at the anti-
Stokes frequencies. The three-color mechanism thus emphasizes the lower frequencies,
in particular the so-called �ngerprint region (400-1800 cm� 1). In the three-color mech-
anism, eq. (1.61) may be modi�ed in:

I CARS /
�
�
�
n

� (3)
V IB (! ) [ES(! ) 
 ES(! )]

o
� EP (! )

�
�
�
2

(1.62)

The excitation pro�le in the three-color CARS mechanism depends on the number
of permutations of each frequency shift within the Stokes bandwidth. Since the high-
est number of permutations corresponds to close frequencies, the three-color excitation
pro�le vanishes by increasing the wavenumber [94]. This makes three-color CARS
particularly suitable for stimulating Raman transitions at very small Raman shifts(see
Fig.1.15.(b)) and in the entire �ngerprint region, also exploiting the heterodyne ampli-
�cation given by the NRB contribution to enhance their intrinsic weak signal.

Figure 1.15: Jablonsky diagram for (a) Two-color and (b) Three-color CARS mechanisms.

We can summarize the main characteristics of the CARS signal generated by com-
bining the two processes in the following points:

• an increase in the Stokes bandwidth, under the hypothesis of compressed pulses
at the samples, determines a higher intensity and a larger bandwidth of the CARS
signal generated through the three-color mechanism, but diminishes the intensity
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1.4. The CARS process

of the signal generated by the two-color mechanism under constant average power
at the sample;

• the spectral resolution of the probed vibrational modes depend only on the spectral
bandwidth of the probe beam;

• the generation of the CARS signal by means of the three-color mechanism is
strictly related to the pulse duration of the broadband beam. A shorter duration of
the beam allows us to probe vibrational modes with higher frequency. This means
that impulsive CARS is achievable only if the Stokes pulses are compressed so
that its duration is shorter than the oscillation period of the vibrational modes.
E.g. for the vibrational frequency at� =1400 cm� 1, the last mode we can detect
with the BCARS system through three-color CARS, the oscillation periodT in fs
is:

T[fs] =
1015

100c� [cm� 1]
� 23:8fs: (1.63)

This implies that the Stokes pulse duration should be shorter than this value, hence
a sub-20 fs pulse.

• it is important to spectrally separate the contributions of the two processes to
the anti-Stokes component. Indeed, the two excitation methods feature different
phases, thus leading to distortion of the spectrum and signal instability.

We can better understand the role of each mechanism in the generation of the CARS
signal, by assuming Gaussian pulses and looking at how the excitation pro�les change,
varying the parameters of each beam.

Assuming that the pump and Stokes pulses have Gaussian spectral pro�les and real
envelopes, which means they are temporally centered and transform-limited, we can
write the cross-correlation term for the two color mechanism as:

ES(! ) 
 EP (! ) =
Z

E �
S(! 0)E �

P (! + ! 0)d! 0 =
ES0Ep0� P � S

p
2�

p
� 2

P + � 2
S

e
� ( ! � ! P 0+ ! S 0 ) 2

2( � 2
P + � 2

S ) ;

(1.64)
whereES0 andEP 0 are the amplitude of the pump and Stokes beam,� P and� S are

the standard deviation of the gaussian pro�les related to the bandwidth of the two beams
centered at! P 0 and! S0. In the case of the three-color process, the cross-correlation
term becomes an autocorrelation term of the Stokes beam, that reads:

ES(! ) 
 ES(! ) = jES0j2� S
p

�e
� ! 2

4� 2
S ; (1.65)

Eq.(1.65) shows that in the three-color mechanism the broadband Stokes pulse acts
both as pump and Stokes beam. Since when we consider experimentally the pulses,
we deal with their average power, rather than their amplitude, we may introduce in
the previous expression the Power of each beam. For a Gaussian pulse of the form
A0e� ! 2=2� 2

, the average powerPA can be written asPA / j A0j2�
p

� . Introducing
in eq.(1.64) and eq.(1.65) the pump,PP , and Stokes,PS, average powers, the two
expressions become:
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Chapter 1. Coherent raman scattering microscopy

Figure 1.16: Mathematical simulation of the two excitation mechanisms for broadband CARS generation
keeping �xed the average power of the pump and Stokes beam, the pump pulse bandwidth, and the
nonlinear third-order susceptibility and varying the bandwidth of the broadband Stokes.
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1.4. The CARS process

ES(! ) 
 EP (! ) /
p

PP PS

p
2� P � Sp
� 2

P + � 2
S

e
� ( ! � ! P 0+ ! S 0 ) 2

2( � 2
P + � 2

S ) ; (1.66)

ES(! ) 
 ES(! ) / PSe
� ! 2

4� 2
S ; (1.67)

From eq.(1.67), it is evident that the excitation pro�le for three-color CARS is cen-
tered at! = 0 and its maximum does not depend on the bandwidth of the Stokes beam
(no dependence on� S), but just on its average power. The material response increases
with increasing the Stokes bandwidth. In the case of two-color CARS, eq.(1.66) shows
that the maximum of the signal is centered at! = ! P 0 � ! S0 and the material response
decreases with increasing the Stokes bandwidth. Indeed in the case, where� S >> � P ,
eq.(1.66) becomes:

ES(! ) 
 EP (! ) /
p

PP PS

r
2� P

� S
e

� ( ! � ! P 0+ ! S 0 ) 2

2( � 2
P + � 2

S ) ; (1.68)

that states that the material response scales as/ 1=
p

� S.
If we want to evaluate it in the overall CARS expression, we need to consider the

convolution of these two terms (the cross-correlation between pump and Stokes and
the auto-correlation of the Stokes beam) with the third beam, which acts as a probe.
Experimentally, the third beam is the narrowband pump beam that can be assumed as
a beam with a Gaussian pro�le centered at! p. The resulting expressions for the CARS
intensity in the two-color and three-color mechanisms are [94]:

I 2C (! ) /

�
�
�
�
�
2�� (3)

V IB E �
S0E 2

P 0� 2
P � Sp

2� 2
P + � 2

S

e
� ( ! � 2! P 0+ ! S 0 ) 2

2(2 � 2
P + � 2

S )

�
�
�
�
�

2

= (1.69)

=
4� 2j� (3)

V IB j2jES0j2jEP 0j4� 4
P � 2

S

2� 2
P + � 2

S
e

� ( ! � 2! P 0+ ! S 0 ) 2

(2 � 2
P + � 2

S ) = (1.70)

/
4
p

� j� (3)
V IB j2PSP2

P � 2
P � S

2� 2
P + � 2

S
e

� ( ! � 2! P 0+ ! S 0 ) 2

(2 � 2
P + � 2

S ) ; (1.71)

I 3C (! ) /

�
�
�
�
�
�

2�� (3)
V IB E 2

S0Ep0� p� 2
Sq

� 2
p + 2� 2

S

e
�

( ! � ! p0 ) 2

2( � 2
p +2 � 2

S )

�
�
�
�
�
�

2

= (1.72)

=
4� 2j� (3)

V IB j2jES0j4jEp0j2� 2
p� 4

S

� 2
p + 2� 2

S
e

�
( ! � ! p0 ) 2

( � 2
p +2 � 2

S ) = (1.73)

/
4
p

� j� (3)
V IB j2P2

SPp� p� 2
S

� 2
p + 2� 2

S
e

�
( ! � ! p0 ) 2

( � 2
p +2 � 2

S ) ; (1.74)

From these equations, we can say that the two-color CARS mechanism, in the case
of Stokes bandwidth larger than the Pump bandwidth, scales as 1/� S and it is centered in
! = 2! P � ! S. On the other hand, for the three-color mechanism, the maximum signal
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Chapter 1. Coherent raman scattering microscopy

is centered at! = ! p, and in the case of a broad Stokes beam (� S >> � p), the max-
imum intensity depends only on the average power of the input beams. Moving away
from the maximum, the three-color CARS intensity scales withe� (! � ! p0 )2=(� 2

p +2 � 2
S ) , i.e.

it becomes larger increasing the bandwidth� S.
The dependence of the CARS signal pro�le with the Stokes bandwidth can be clearer

with a simulation of the two processes (see Fig. 1.16). Starting from the expression of
the two-color and three-color CARS mechanism in eq. (1.71) and eq. (1.74), we can
consider third-order nonlinear vibrational susceptibility� (3)

V IB constituted by a resonant
and a non-resonant term. The resonant term features two peaks with unitary ampli-
tude centered at 400� 1 and at 2800� 1 and with FWHM equal to� 36 cm� 1. The
non-resonant term has been set so that the resonant to non-resonant ratio is 0.1. We
considered a pump beam centered at 1034 nm with 1.1 nm FWHM and 80 mW average
power and a Stokes beam centered at 1320 nm and 5 mW average Power. The FWHM
of the Stokes beam has been set to four different values equal to 50, 100, 150, and 200
nm that in wavenumber correspond to� 290, 570, 860, 1140 cm� 1. Inserting these
numbers in the simulation, we can clearly see that for the three-color mechanism an
increasing Stokes bandwidth determines a greater spectral coverage and a higher signal
intensity away from the maximum. The maximum amplitude does not vary with the
Stokes bandwidth but depends only on the input average powers of the two beams. On
the other hand, the two-color mechanism at �xed average power (i.e.PS andPp are
constant) features lower intensity while increasing the Stokes bandwidth, but, as for
the three-color mechanism, a broader spectrum of the Stokes beam results in a broader
spectral coverage.

In light of the previous discussion, we designed our BCARS experimental setup
by combining both mechanisms. To cover the whole vibrational spectrum with no
distortion, we carefully tuned the pulse duration of the broadband beam and its spectral
coverage. We �rst adjusted the pulse duration at the sample plane, carefully adjusting
the prism compressor stage, so to maximize the bandwidth (400-1400 cm� 1) and the
intensity of the three-color mechanism in the �rst portion of the spectrum. Then, we
also inserted a mask after the second prism of the pulse compressor to carefully adjust
the spectral bandwidth, so that the two-color mechanism starts precisely (1400 cm� 1 )
where the three-color mechanism vanishes, thus avoiding �uctuations on the spectrum
due to the interference between the two processes.

All the details of the experimental design will be discussed in chapter 3.

1.4.4 Time-delayed CARS

The difference in origin between resonant and non-resonant signals in CARS suggests
a straightforward method for discriminating between the two contributions. The inter-
action of the �rst two �elds in vibrationally resonant CARS produces coherence in the
medium. In the condensed phase, this coherence often lasts for picoseconds. Contrar-
ily, the NRB is extremely short-lived, with the biggest contribution lasting only as long
as the excitation pulse [41].

Since the non-resonant contribution survives for a time much shorter than the reso-
nant one [106], it is possible to isolate the resonant contribution by adjusting the arrival
time of the third �eld, which acts as a probe �eld. This technique is called Time-delayed
CARS (TD-CARS) [43,107–113] (Fig.1.17).
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1.4. The CARS process

Figure 1.17: Scheme for TD-CARS. After the arrival of two synchronized beams,namely pump and Stokes
beam, a third beam, the probe beam, arrives with a delay� waiting for the decay of the NRB. If�
is suf�ciently large (longer than one pulse duration) to suppress the NRB contribution, the measured
anti-Stokes component will just contain the resonant contribution.

Referring to the description of the two mechanisms considering just two beams,
i.e. the narrowband pump and the broadband Stokes beam, it is clear that in order to
generate CARS with the two-color mechanism, there must be two interactions with the
pump beam, where the �rst one excites the vibrational modes, while the second one
probes them. Therefore, it is not possible to introduce a delay between the pump and
the Stokes pulses, since no modes would be excited. On the other hand, the three-color
CARS is particularly suitable for T-CARS. Indeed, in this mechanism, the Stokes beam
excites the vibrational modes acting both as pump and Stokes beam, while the pump
pulse acts simply as a probe. Hence, it is possible to delay the pump, suppressing the
NRB contribution.

The main advantage of using T-CARS is that it is an optical solution for NRB re-
moval. Therefore, the obtained spectra are comparable to the SR ones without the
need for post-processing. However, as it has been extensively discussed in previous
sections, the NRB also allows us to amplify the CARS signal. Removing it leads to
lower sensitivity and a lower signal-to-noise ratio of the acquired spectra, calling for
a longer integration time to acquire good-quality spectra. For these reasons, T-CARS
is particularly useful for spectroscopic applications, where a longer acquisition time is
still acceptable. While for microscopic applications [110], T-CARS is not the primary
choice, since one looks for shorter pixel dwell time to image large �eld of views and
not damage the biological samples.

1.4.5 Epi-detected CARS

In eq. (1.55), we found that the CARS signal scales quadratically with the thicknessL
of the scrutinized specimen. We derived the simple expression for the CARS intensity
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Chapter 1. Coherent raman scattering microscopy

assuming that the phase matching condition is accomplished, namely� ~kL = 0, in
which � ~k = 2 ~kP � ~kS � ~kAS . This approximation is generally valid in microscopy
under tight focusing conditions. However, till now we implicitly considered the forward
propagating signal (F-CARS). If we took into account the backward propagating signal,
even under tight focusing conditions, the phase matching approximation is no more
valid [114,115].

Figure 1.18: Scheme of E-CARS and F-CARS experimental set-up.

For backward propagating CARS, also called epi-detected CARS (E-CARS) [114],
the intensity can be calculated as [116]:

I AS (L) / j � (3) j2L2sinc2

 
j� ~kjL

2

!

I 2
P I S; (1.75)

In this case, the only way to getj ~� kjL ' 0 is throughL ' 0. To understand
the advantage of using E-CARS rather than F-CARS, we can consider a thin sample
immersed in a solvent. Since the F-CARS signal is proportional toL2, the solvent
signal will be stronger than the one of the thin sample, due toL sample � L solvent .
On the other hand, the E-CARS signal of the solvent will be strongly reduced since
the phase matching condition is not satis�ed, while the signal coming from the thin
sample will be comparable with the F-CARS signal, sincej� ~kjL sample ' 0 is valid in
both directions. Therefore, epi-detected CARS enhances the signal-to-background ratio
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1.5. The SRS process

of small scatterers, being bene�cial for their identi�cation in heterogeneous samples
[116,117].

If the dispersion of the refractive index is negligible (nS ' nP ' nAS ' n), it is
possible to provide an estimate of the critical thicknessL crit over which the E-CARS
signal drops. Considering that the �rst zero ofsinc(x) is for x = � , the required
condition to have a relevant E-CARS signal is:j� ~kjL � � . For epi-detected CARS,
assuming a collinear geometry:

j ~� kj = 2kaS =
4n�
� aS

; (1.76)

Hence, applying the conditionj ~� kjL � � to (1.76), we obtain E-CARS signal if:

L �
� aS

4n
: (1.77)

Therefore for biological samples, that have refractive indexn � 1:3 and considering
that we measure signals with� aS � 900 nm,L � 167 nm. It means signal mainly comes
from very small scatterers of the heterogeneous biological specimens. A scheme of a
microscope able to detect both F-CARS and E-CARS is depicted in 1.18.

1.5 The SRS process

The SRS process belongs to the class of coherent Raman scattering processes. While
CARS probes the vibrational coherences in the Raman-active medium by means of
a narrowband beam, SRS monitors directly the vibrational population states, detect-
ing either a frequency-dependent Stokes ampli�cation (SRG) or a frequency-dependent
pump attenuation (SRL) (Fig. 1.7.(d-e)). In its simplest implementation, SRS utilizes
the same excitation scheme as CARS with two narrowband input �elds interacting with
the Raman-active sample. Quantum mechanically, the picture of the process is the fol-
lowing: the interaction with the Raman active material leads to the absorption of a
pump photon at frequency! p (that is annihilated) and the emission of a Stokes photon
at frequency! s (that is created), while the energy difference between the two pho-
tons } (! p � ! s) is absorbed by the material for energy conservation. Since energy
is deposited in the material after the interaction, SRS belongs to the so-called nonlin-
ear dissipation processes where, after the nonlinear interaction, an exchange of energy
between the laser �elds and the medium takes place. CARS, on the other hand, is a
parametric generation process because only the �elds involved in the nonlinear inter-
action exchange energy, while the medium, at the end of the interaction, remains in the
ground state.

The mathematical expression for the amplitude of SRG and SRL can be obtained
using a four-wave mixing approach. Considering the degenerate case where! 1 = ! 2 =
! P and! 3 = ! 4 = ! S, the stimulated Raman gain (SRG) process can be derived from
the propagation equation for the Stokes �eld. From eq. (1.37), inserting the expression
of the envelope of the third-order nonlinear polarization oscillating at frequency! s,
P (3)

! S = 3� 0
4 � (3) (! S)jAP j2ASexp(i (! St � kSz), the propagation equation becomes:

dAS

dz
= �

3i! S

8cn(! S)
� (3) (! S)jAP j2ASe� i � kz ; (1.78)
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Chapter 1. Coherent raman scattering microscopy

where� k = � kp + ks + kp � ks = 0, which means that the SRS process is intrinsically
phase-matched. From this equation, the amplitude of the Stokes �eld after propagation
on a sample of length L is:

AS = AS(0)e� 3i! S
8cn ( ! S ) � (3) (! S )jA P (0) j2L (1.79)

By performing the �rst-order development, we obtain

AS = AS(0) �
3i! S

8cn(! S)
� (3) (! S)jAP (0)j2AS(0)L (1.80)

= AS(0) + � AS (1.81)

Since the signal� AS sits on top of the original Stokes beam, to detect it one needs
high-frequency modulation transfer techniques. Assuming thatj� ASj << A S(0), the
�eld intensity becomes:

I S / j AS(0) + � ASj2 = jAS(0)j2 + j� ASj2 + 2<f AS(0)� � ASg (1.82)

' j AS(0)j2 +
3! S

4cn(! S)
=f � (3)

R (
) gjAP (0)j2jAS(0)j2L (1.83)

The �rst term on the right-hand side is the intensity of the Stokes beam, which we
assumed remains virtually unattenuated during the nonlinear process. The second term
is the interference between the incident Stokes �eld and the stimulated Raman �eld at
the detector. Note that if� (3)

V IB is purely real, the interference term disappears, however
close to resonance=f � (3)

R g 6= 0 and the interference term is non-vanishing. Using
modulation transfer techniques, this interference term can be electronically isolated
from the other terms. Indeed, one beam is modulated at high frequency (>1 MHz,
where the laser noise reaches its minimum values), and the modulation transfer on
the other beam is detected using a lock-in ampli�er that basically demodulates the
signal acquired with a photodiode. The quantity which is physically detected in an
SRG experiment is the change in intensity of the Stokes beam when the pump beam is
modulated:

� I S =
3! S

4cn(! S)
=f � (3)

R (
) gI P I SL (1.84)

whereI P / j AP (0)j2 andI S / j AS(0)j2. From Eq. 1.84, we see that the plane wave
model predicts that the SRG signal is proportional to the length L at the interaction
volume, as well as, it has a linear dependence on the pump and on the Stokes beams
(I P andI S). Moreover, since it is proportional to the imaginary part of the third-order
nonlinear susceptibility� (3)

R , the signal is directly comparable to the SR one. SRG is
typically de�ned as:

SRG =
� I S

I S(0)
=

3! S

4cn(! S)
=f � (3)

R (
) gI P L (1.85)

The analogous equation describing the forward-detected stimulated Raman loss (SRL)
signal is obtained by exchanging the subscriptS andP and by inverting the sign of the
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1.5. The SRS process

imaginary part of the third-order nonlinear susceptibility. The quantity physically de-
tected in an SRL process is the change in intensity of the pump beam when the Stokes
beam is modulated:

SRL =
� I P

I P (0)
= �

3! P

4cn(! P )
=f � (3)

R (
) gI SL (1.86)

For the same consideration we have done for the SRG case, the SRL signal represents a
loss in intensity in the! P channel and it derives from destructive interference between
the pump �eld and the induced �eld at! P .

Note that SRG signal is proportional to the pump intensity while the SRL signal
is proportional to the Stokes intensity. It implies that in an SRG (SRL) experiment
the pump (Stokes) intensity should be high to have a stronger signal, while the Stokes
(pump) intensity should be suf�cient to be revealed by the detector.

So far, we have discussed the case of forward-detected SRS signal. While the
forward-propagating stimulated Raman �eld is always phase-matched with the incident
�eld, in the epi-detected SRS [28] there is a non-zero wave vector phase match. Indeed
it results inj� kj = 2 jksj for SRG signal andj� kj = 2 jkpj for SRL signal. Conse-
quently, the backward-propagation-induced phase mismatch will determine an effective
coherence lengthL c which is very small in water (0.3 or 0.4�m for light beams in the
NIR) and so it is only relavant in microscopy applications where a nanoscopic object is
being studied whose geometry does not exceed the coherence length.

1.5.1 SRS vs CARS

SRS and CARS are two techniques that allow the user to probe the vibrational modes
of the sample. They both are based on the illumination of the sample with two beams
(the pump and the Stokes beam). The main difference between the two is how the
information is translated in terms of the amplitude and phase of the emitted electric
�elds. As we have seen in previous sections, in SRS the information sits on top of
the pump and Stokes �elds and can be read as a loss of the pump (SRL) or a gain
of the Stokes signal (SRG), while in CARS the information is encoded in the �eld
oscillating at the anti-Stokes frequency. From an experimental point of view, it implies
the use of two different approaches to extract from the measured signal the given Raman
vibrational information.
The most relevant SRS advantages over CARS are:

• SRS signal scales linearly with the concentration of molecules inside the sam-
ple, thus one can retrieve also quantitative information about the target molecules,
without any problem about the fact that they are present in high or low concen-
tration. In CARS, there is a quadratic dependence on the concentration of target
molecules, which means that in case of low concentration, it is dif�cult to distin-
guish the signal from the NRB.

• SRS signal is free from NRB and directly proportional to the Raman cross-section
� Raman , thus one can directly compare the SRG/SRL signal with the data already
known in the literature from SR. On the other hand, CARS is affected by NRB
and it is dif�cult to perform a direct comparison of the spectra.
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Chapter 1. Coherent raman scattering microscopy

• Two-photon excited �uorescence overlaps the spectral region of the CARS signal,
limiting its interpretation. Conversely SRS, being on top of the original beams, is
not distorted by this process.

• SRS is intrinsically phase-matched, while CARS depends on phase-matching con-
dition ful�llment that makes the applicability of deconvolution methods very hard.

Also CARS has some advantages with respect to SRS:

• CARS signal is easier to detect with respect to SRS since it is nearly a background-
free process spectrally separated from the two input �elds. Instead, in SRS you
must detect a small variation in the number of photons on a large background
(pump and Stokes) and so more sophisticated techniques are needed to detect
them.

• CARS can be straightforwardly implemented in the broadband modality, enabling
the detection of more chemical species at once. Indeed, in CARS a spectrometer is
enough to measure the anti-Stokes component. Contrarily in SRS, the broadband
modality requires a particular technological design to detect the full vibrational
spectrum of the specimen based on a multi-channel lock-in technology.

• In CARS, one can exploit the presence of the NRB to amplify the weak Raman
modes in the �ngerprint region, whose detection in SRS is very challenging. The
user can get rid of the NRB contribution either in post-processing analysis with
numerical or deep-learning approaches or with optical techniques (e.g. TD-CARS
or polarization CARS).

1.5.2 Broadband SRS

Also for SRS, it is possible to talk about broadband SRS techniques. We may distin-
guish also in this case the hyperspectral and the multiplex SRS. First SRS measures
were acquired while working at single frequency using a picosecond OPO [51] The
�rst attempts to enhance the chemical speci�city through a parallel or sequential acqui-
sition of several vibration modes were based on the tunability of the OPO themselves.
However, since the OPOs have intrinsically a limited tuning speed, the acquisition of
SRS images is time consuming [118] [119]. A possible solution to this problem is the
so-called spectrally tailored excitation SRS [120], which is based on a tailored multi-
plex excitation of the vibrational modes of the investigated sample. Ozeki et al. [121]
further boosted the imaging speed of hyperspectral SRS by using an approach based on
a very low noise detection chain and on the possibility to scan the frequency detuning
between pump and Stokes beams with a millisecond time response. In recent years a
number of hyperspectral SRS setups have been developed based on the SF approach,
where the scanning speed has been increased to a point to be able to interrogate each
pixel at variable frequency detuning, typically within30� 60 �s . [122,123].

In multiplex SRS, a narrowband pump and a broadband Stokes are synchronized and
collinearly combined and sent to the sample (into the microscope). The pump pulse,
after the sample, is removed with a short-pass wavelength �lter, while the broadband
Stokes is sent to a multichannel detector, which can be either digital (spectrograph +
CCD) or analog (diffraction grating+ photodiode array+ multichannel lock-in ampli-
�er). Each photodiode array, like in a commercial spectrometer, records the intensity
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1.5. The SRS process

of a different spectral portion of the incoming pulse. In order to measure this signal
is, therefore, necessary that each photodiode is connected to a lock-in ampli�er, hence,
a multi-channel lock-in ampli�er is required to perform the measurement. A similar
approach for multiplex SRS has been recently developed in our laboratories [124,125].
We realized a broadband SRS microscope equipped with a home-built multichannel
lock-in ampli�er capable of simultaneously measuring the SRS signal at 32 frequen-
cies with integration time down to 44 µs. The system has been used to measure the
vibrational modes in the CH-stretching region of biological samples. In particular, it
differentiates the chemical constituents of heterogeneous samples by measuring the rel-
ative concentrations of different fatty acids in cultured hepatocytes at the single lipid
droplet level and identi�es tumors from peritumoral tissue in a mouse model of �brosar-
coma.

An alternative approach to multiplex SRS is known as the photonic time stretch ap-
proach [126,127]. It consists in temporally chirping the pulse to be measured, typically
by a long optical �ber, to a duration of a few nanoseconds, so that it can be accurately
sampled by a high-frequency analog-to-digital converter (ADC). The SRG spectra are
retrieved by numeric demodulation of the collected spectra by a single photo-detector
instead of a lock-in ampli�er.

Another approach for broadband SRS is based on FT detection of the SRG/SRL
spectrum and is referred to asFourier Transform-SRS(FT-SRS) [128]. The FT ap-
proach uses a single photodetector for measuring the interferogram of the broadband
Stokes beam after �ltering the modulated narrowband pump beam.

A complete overview of all the multiplex implementations for SRS is out of the
scope of this thesis work which is mainly focused on multiplex CARS. The reader may
refer to [24].
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