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Powerful spectroscopic techniques increasingly involve nonlinear processes that arise due
to the convolution of more than one electric field - input laser pulse. Analyzing the output of optical
processes like these demands the utilization of deterministic improvement tools. Three-color
coherent Raman scattering represents a complex non-degenerate four wave mixing process that
includes contributions from both resonant and non-resonant interaction of the three input fields to
generate a signal. In order to quantify these contributions, effective differentiation of the nonresonant (background) from the resonant (coherent signal) is required. These contributions can be
differentiated based on how the molecular vibrational modes are being excited by the input pulses.
The work described here demonstrates the ability of second-order correlation spectroscopy,
applied along with an all-Gaussian theoretical model to analyze three color coherent Raman
scattering processes. It is shown to discriminate between resonant versus non-resonant four wave
mixing processes successfully. A robust, femtosecond/picosecond coherent Raman spectroscope
is used to observe how the resonant signal builds up in a finite amount of time for different
specimens and how it is can be controlled by input laser pulse shaping. A closed-form solution
obtained via an all-Gaussian approach provides confirmatory theoretical proof of the experimental

results obtained. This technique is used to study hydrogen bonding, which is a vital molecular
interaction for bio-molecular systems and yet lacks a profound understanding of its ways of
forming complexes. Furthermore, a novel second-order one-dimensional correlation function is
introduced that replicates the results of the diagonal sum of the traditional synchronous twodimensional correlation function, thus reducing a two-dimensional analysis to one-dimension.
Along with the first demonstration of these analyses for coherent Raman scattering, a generalized
approach is described, which opens up research opportunities to investigate these optical processes'
dependence on multiple controlling parameters.
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CHAPTER I
INTRODUCTION
1.1

Motivation and Research Goals
There are several chemical and dynamic biological processes in nature that occur at a very

short time scale (order of picoseconds), which makes the investigation of these processes (live
imaging or even detection at times) a challenging task. The use of ultrafast lasing systems (to the
order of femtoseconds) provides a viable solution for these processes to be captured and resolved.
Ultrafast lasing systems provide an exceptional temporal and spatial resolution and have
demonstrated the detection of samples at low concentrations (in the order of pico or nanomolar).
Vibrational spectroscopy, such as traditional Raman spectroscopy, has several benefits
such as chemical specificity and label-free detection (without the need for any compound that
binds and thus labels the molecules in a given sample); however, it suffers from very low scattering
efficiency. On the other hand, coherent Raman spectroscopy has demonstrated enhancement of
scattered signal up to five orders. Although a robust enhancement technique, the most challenging
shortcoming of the coherent Raman technique is an unavoidable background due to the nonresonant mixing of incoming fields. Using an all-Gaussian theoretical model, the probing pulse's
optimal delay time for maximum enhancement of signal and minimal contribution from the nonresonant background has been predicted before. This dissertation aims to explore analytic and
theoretical models used in optimization and construction of an efficient technique that will enable
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the successful isolation of this non-resonant background based on novel parameters. It holds
hopeful quantitative analysis that focuses on experimental automation goals of the near future.
Prevalent in a convoluted form, such as the bonds between the double helix bands of DNA
or the most common form such as bonds between the water molecules, the complete
characterization of hydrogen bonding remains unexplored in the literature. The experimental
arrangements and the novel analytical technique: second-order correlation spectroscopy (SOCOS),
show a promising attempt to investigate its vibrational characteristics under additional
perturbations as found in the nature.
1.2

Background
The study of how matter interacts with electromagnetic waves has been used as a physical

and analytical chemistry tool since the early 1800s. After its invention, it has come a long way,
branching into different techniques depending upon the interaction under investigation. Some of
these techniques include mass spectroscopy, which is destructive and needs much calibration,
although it is very precise. Laser-induced breakdown spectroscopy (LIBS) is readily used but is
also destructive. Other techniques like absorption, fluorescence, near infrared and infrared (NIR
and IR), and ringdown cavity are nondestructive but are not species specific as Raman
spectroscopy. Since every compound in nature has a unique fingerprint due to its constituents and
existing states, its identification can be carried out using various methods. Raman spectroscopy
provides information about vibrational, rotational, and other low-frequency modes of molecules
in a system that can further be used to identify and quantify compounds in a label-free and
nondestructive way. The underlying principle (Raman scattering) was discovered in 1928 by C.
V. Raman [1], who won the Nobel prize for his work. Raman spectroscopy is used in many fields
where nondestructive, microscopic, chemical analysis and imaging are required. Another reason
2

Raman spectroscopy has been proposed for interplanetary exploration is that this method of
analysis can detect a wide range of inorganic and organic compounds. Spontaneous Raman
spectroscopy, however, is limited by the number of extremely low signal in the sample.
This dissertation describes and uses an enhancement technique for Raman spectroscopy
that has proven to increase the obtained scattered signal by 105 in intensity, namely, coherent
Raman scattering (both Stokes: red shifted and anti-Stokes: blue shifted). Coherent anti-Stokes
Raman scattering represents a non-degenerate four wave mixing process that includes both a nonresonant and resonant process, the contributions of which depend upon how the molecular
vibrational modes are being excited by the input laser pulses. Non-degenerate four wave mixing
processes are complex; thus, the development of quantitative analytical tools is needed. In this
work, a quantitative analytical tool has been adapted by introducing one- and two-dimensional
intensity-intensity correlation functions in terms of a traditional wavenumber approach introduced
in the easy 1900s by Isao Noda. Firstly, it is employed to study hydrogen bonding in-depth,
following which a new variable (probe pulse delay) and new perturbation parameter (probe pulse
linewidth) is introduced in chapter 5. Theoretical description of these analyses (second-order
correlation spectroscopy or SOCOS) has been given in chapter 4. The two correlations (one and
two-dimensional) are also correlated by depicting one as the latter's diagonal directional sum. The
present intensity-intensity correlation analytical tool shows promising potential in resolving and
visualizing resonant versus non-resonant four wave mixing processes for quantitative label-free
species-specific nonlinear spectroscopy and microscopy.

3

1.3

Order of the Dissertation
Chapter II begins with the background and theory pertinent to coherent Raman scattering.

Following which an all-Gaussian pulse model employed in this dissertation is elaborated with
mathematically supporting details. The chapter then progresses to explain how this all-Gaussian
pulse model in a degenerate coherent Raman scattering theory is used to predict a previously
overlooked yet fundamental characteristic of CARS signal buildup: namely deferred buildup. The
chapter completes by demonstrating theoretically how this deferral signal can be controlled by
laser pulse shaping and can be used to enhance the signal with minimal undesired background
experimentally.

Chapter III contains the explanation of the construction and working of the
femtosecond/picosecond coherent Raman spectroscopic experimental apparatus. Each section lays
out essential characteristics regarding the instrumentation employed for the construction of the setup. The chapter progresses further from a general layout to the experimental arrangement used to
prove the CARS process' unexplored characteristic, namely, deferred CARS buildup theoretically
explained in the preceding chapter.

Chapter IV introduces the background, importance and, theoretical description of one- and
two-dimensional correlation (collectively named, second-order correlation spectroscopy or
SOCOS) analyses used in this dissertation. The chapter concludes with a description of how onedimensional correlation graphs can be readily obtained via the diagonal directional sum of the twodimensional correlation contour maps (both synchronous and asynchronous). Not only do one-

4

dimensional plots contain spectral features found from the two-dimensional plots, but they also
have the potential to reveal other obscured information in two-dimensional contours.

Chapter V describes the importance of one and two-dimensional spectroscopic analysis
applied towards a better understanding of the asymmetrical shifts observed in CARS vs. CSRS
responses reported in pyridine water dilutions and observe the effect of hydrogen bonding
minutely. This chapter also includes the one-dimensional correlation function in the frequency
domain for synchronous spectra. After the application of SOCOS employing the traditional
variables (wavenumbers) and parameter (concentration), the chapter aims to introduce a
generalized approach to SOCOS proposing an application of one- and two-dimensional correlation
analysis using time delay as a variable and probe width as a parameter to visualize the deferred
signal property observed in chapter III.

Chapter VI lays out the summary of this dissertation along with conclusions.

5

CHAPTER II
THEORY OF COHERENT RAMAN SCATTERING
2.1

Introduction
This chapter aims to cover the theory pertinent to coherent Raman scattering processes that

have been employed in this dissertation. The chapter begins by summarizing the transition of
spontaneous Raman spectroscopy to coherent Raman spectroscopy and its current state of the art.
Following this, some scientific essentials involved in coherent Raman scattering are introduced,
including non-resonant background, the nonlinear susceptibility, Raman line width, and the
beating phenomenon. This section is followed by a concise demonstration of how the processes
are approached with electromagnetic and quantum mechanical equations pertinent to CARS'
mathematics. Various kinds of coherent Raman scattering methods are being used around the
world are also introduced. The chapter concludes with the first glance at a novel characteristic of
the CARS process: the deferred signal buildup and its significance. This characteristic of the the
processes and the equations leading to the buildup delay have been shown. This property of the
process has then been later demonstrated and verified experimentally in chapter 3.
2.2

Spontaneous versus Coherent Raman Spectroscopy
When light is scattered from a molecule or a crystal, most photons are elastically scattered.

The scattered photons have the same energy and wavelength as the incident photons. However, a
small fraction of light (nearly one in a million photons) is scattered at optical frequencies both
higher and lower in energy from the incident photons. This inelastic scattering process is termed
6

the Raman effect. Raman scattering occurs with a change in the vibrational, rotational, or
electronic energy of a molecule. If the scattering is elastic, the process is called Rayleigh scattering,
and if it is not elastic, depending on the energy (frequency) of the emitted photon, the process is
called Stokes or anti-Stokes Raman scattering, as shown in Fig. 1.1. The Raman effect arises when
a photon is incident on a molecule and interacts with the molecule's electric dipole [149].

Figure 2.1

Schematic representation of an energy transfer model of IR absorption, Rayleigh
scattering, Stokes and anti-Stokes Raman scattering

(Reprinted with permission from [149])

Absolute wavenumbers: Raman shift () is measured in cm-1
 [𝑐𝑚−1 ] =

107
𝜆 [𝑖𝑛 𝑛𝑚 ]

(2.1)

Example: A wavelength of 500 nm corresponds to 2000 cm-1 (wavenumber)
Relative wavenumber:


[𝑐𝑚−1 ]

107
107
=
−
𝜆𝑒𝑥𝑐 [𝑖𝑛 𝑛𝑚 ] 𝜆𝑠𝑐 [𝑖𝑛 𝑛𝑚 ]
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(2.2)

Example: A Raman band at 1020 cm-1 and excited with a laser wavelength of 500 nm (exc) scatters
light at a wavelength 527 nm (sc).
The full equation for an electric field propagating through a medium is written as
E (r, t) = 𝐸𝑜 (t)𝑒 (ikr − iωt)

(2.3)

where k is the propagation vector, ω is the frequency of light.
In molecules and crystals applied fields induce a polarization in the material governed by
the equation:
P(t) = 𝑜 χ E(t)

(2.4)

where o is the electric permittivity in a vacuum,  the susceptibility of the material
Scattered light in spontaneous Raman was found not be coherent, and the intensity of signals was
proportional to N (number of excited vibrations), which is the absence of coherently vibrating
molecules. The applicability of conventional Raman is also limited by inherently weak Raman
scattering signals (1 in a million) and is accompanied by a fluorescence background. A few years
later, frequency shifts due to molecular vibrations were re-observed when scientists inserted a cell
with liquid nitrobenzene in a pulsed ruby laser cavity. Unlike what Raman had observed, this
radiation showed well-defined phase relations. However, at this point, this phenomenon could only
be observed inside the laser cavity. A few years later, Maker and Terhune from Ford company
were able to detect this radiation outside of the cavity [2]. This marked the invention of coherent
Raman spectroscopy. They observed that when two laser beams were spatially and temporally
overlapped in both crystalline and isotropic samples, a coherent signal was generated that would
increase dramatically when the frequency difference was resonant with a molecular transition in
the sample. They presented experimental results and attributed their observations to the third-order
8

polarization induced by three applied electric fields. Begley and coworkers coined the term
“CARS” for coherent anti-Stokes Raman scattering [3] to describe this four wave mixing
phenomenon and applied it to study benzene and toluene mixtures using an Nd: YAG-pumped dye
laser to generate the frequency-shifted laser pulse, demonstrating a more applicable and accessible
technique for future spectroscopic studies. This phenomenon occurs when instead of one, two
fields (the pump and Stokes beam) drive molecules into their macroscopic coherent state. This
coherence is responsible for quadratic efficiency (N2) of the scattered signal by means of a third
probing signal. This is called a coherent Raman signal. This nonlinear four wave mixing process
has an unavoidable drawback of non-resonant background. Using laser pulse shaping, it will be
demonstrated in Chapter V and VI, how deferral of the CARS signal buildup is controlled. Besides
coherent Raman techniques, other methods have been employed to enhance Raman signals. The
N fold increase in the order of the intensity of the signals, has transpired a ton of research over the
years in this field. In 1973, Byer and group studied coherent signals for low concentrations [4]. In
1999, Andreas Zumbusch, from Washington, found the CARS images of live cells [5]. Following
which Eric Potma and Sunny Xie did in vivo imaging tissue using CARS in 2004 [6], [7]. CARS
resonances in various compounds were observed as early as the 1970s [8]. Considerable work has
also been done to combine other techniques with Raman spectroscopy, such as the delicate surface
or tip enhanced Raman spectroscopy (SERS or TERS) [9]–[12] associated with metal surface
plasmons. Techniques like surface-enhanced Raman spectroscopy and resonance Raman
spectroscopy are widely used to enhance the sensitivity or improve spatial resolution, but both
have limitations (such as real electronic state transfers and the need of a substrate, respectively)
that do not create a problem in coherent methods. Other nonlinear techniques include stimulated
Raman spectroscopy (SRS) [13], [14], inverse Raman spectroscopy [15], [16] and photoacoustic
9

Raman spectroscopy [14], [17]. Although Coherent Raman is a powerful technique, it is also very
complex that might lack spectral information. With the advances in Raman spectroscopy, without
changing the basic principle behind the experimentation, addition of some enhancement analysis
to the procedure have been able to yield a lot of hidden features. One of these is called Raman
Imaging spectrometry where, instead of one, multiple spatial locations are chosen to acquire data
in order to extract information by assigning different colors to different pixels of spectra [18].
Another very well-known technique is 2D correlation spectroscopy [19]. This technique was
initially developed by Isao Noda and has been widely used in many spectroscopic techniques like
nuclear magnetic resonance spectroscopy (NMR) and infrared spectroscopy (IR). In this technique,
an external perturbation is applied to the system to gain an additional parameter while the data is
analyzed. It has successfully been used in Raman spectroscopy in the last few years [20] to
segregate overlapping bands however, this dissertation explains its first application towards
coherent Raman spectroscopy.
2.3

About Coherent Raman Scattering Process
The conversion of laser power into anti-Stokes or Stokes radiation takes place in any

medium, including noble gases; however, Raman scattering efficiency can be enhanced by orders
of magnitude using molecular coherence. A process by which in contrast to spontaneous Raman
spectroscopy where only a few molecules are vibrating in accordance with the frequency of
incident radiation, two beams called the pump and Stokes are used to excite the molecules in a
coherently vibrating state (moving in unison). After this, a third beam called the probe pulse is
used to scatter off from the coherently vibrating molecules, producing coherent and enhanced
signals. When this occurs, both anti-Stokes (blue shifted with higher energy) and Stokes (red
shifted with lower energy) signals are obtained, which can be effectively selected using appropriate
10

filters. Previous studies have shown that signals are enhanced to five orders of magnitude using
coherence[21]. Although there are molecules that vibrate with the a frequency that equals the
difference between pump and Stokes, various other vibrations lead to an undesired non-resonant
background in both CARS and CSRS. Both processes, along with the non-resonant process, can
be seen in Fig. 2.1.

Figure 2.2

Resonant (a, d) and non-resonant (b,e) mixing of the three incoming fields in
CARS (first row) and CSRS (second row) process. CARS and CSRS signal
containing both resonant and non-resonant parts shown in third column (c,f)

CARS and CSRS both use four wave mixing to generate a signal beam, either blue or red
shifted with respect to pump and Stokes. In the present work, all beams are collinear; hence phase
matching is satisfied in an easy manner. For such a coherent process, excitation pulses are made
to overlap temporally and spatially to produce signals, which are proportional to the square
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modulus of the induced third-order nonlinear polarization. The induced nonlinear polarization is
also proportional to the nonlinear susceptibility χ(3) and electric field E (explained in section 2.3.3).
2.3.1

Non-resonant Background
Experiments requiring high sensitivity have to employ techniques for the removing

unnecessary background caused by the non-resonant mixing of the incoming fields. The resonance
signals come from the vibrational frequency of Raman modes targeted. The anti-Stokes field not
only drives vibrational frequency Raman mode but also drives the electron clouds to oscillate at
the frequency ωas coherently. This pure electronic oscillation is also the source of non-resonant
signals. Hence, the nonlinear susceptibility into the resonant and non-resonant part can be
separated for analysis (shown in the subsequent text). The non-resonant signal interferes or, in
some cases, totally overpowers the required coherent signal; hence suppressing it has been a
challenge. There are various methods used to suppress non-resonant background as being used by
researchers, including epi-detection (E-CARS) [22], polarization methods (p-CARS) [23], [24],
phase modulation methods [25], [26], maximum entropy methods [27], [28], heterodyne detection
[29]–[31], focus engineered CARS, interferometric CARS [32]–[34] and time-resolved CARS (trCARS) [35]–[37] which have been exploited in the current work. Generally, the difference in the
origin of the non-resonant signal suggests which method needs to be applied for its suppression
and discriminating the two signals. As mentioned before, during the coherent Raman process, the
first two beams excite the molecules into coherence. This coherence has a longer lifetime, typically
in picoseconds; the non-resonant background, on the other hand, is extremely short lived [75], and
that being the main reason for the expansion of research the area of suppression of non-resonant
background through time delay of the probing pulse.
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2.3.2

Nonlinear Susceptibility or Optical Response Function
Unlike spontaneous Raman scattering, where a single source is used to excite a molecule's

vibrational modes, coherent methods are relatively complex. When more than two waves mix, the
effective field is stronger, inducing a nonlinear polarization in the medium. Optical polarization,
in this case, is considered due to the products of the mixed electric field components given by the
equation:
𝑃 = 𝑜 (1) 𝐸 (1) + 𝑜 (2) 𝐸 (2) + 𝒐 (𝟑) 𝑬(𝟑) + ….

(2.5)

The above equation is simply the Taylor expansion of the polarization.
It is essential to note that (2) and all other even terms become zero in isotropic media such
as gases and liquids. The third term here is the third-order contribution of third order susceptibility
((3)) to the induced polarization, which is the first nonlinear and non-zero term responsible for the
CARS phenomenon. This term is referred to as P(3) in the rest of the dissertation. Under low
intensity fields, only the first term is essential for classical, linear optics, including spontaneous
Raman scattering. Most coherent Raman effects described can be all understood, resulting from
the third-order contribution to polarization. Thus, the magnitude of these effects is governed by
the strength of the incoming field's triple product and the amplitude of third-order susceptibility as
shown in Eq. (2.5). Physically, it simply means the CARS generation process depends on the
sample material's ability to respond to three optical frequencies by producing an oscillatory
electronic fourth frequency, which is a combination of the three incoming fields. This material
property is called the third-order nonlinear susceptibility. The third-order susceptibility is also
responsible for a third-harmonic generation composed of parts that depend on the presence of a
vibration mode and parts that are purely electronic in nature, known as the resonant and nonresonant contributions, respectively.
13

The diagnostic capacity depends critically on the physical understanding of CARS spectra,
and for this reason, one has to secure the information contained in the third-order nonlinear
susceptibility describing the emergence of an isolated CARS line. This optical response function
is very well-known, and is usually represented in the frequency domain as a fourth-rank tensor of
the kind
(3)

χ𝑖𝑗𝑘𝑙 (Δ) =

𝐾𝑖𝑗𝑘𝑙
Δ − iΓ ∕ 2

(2.6)

where 𝐾𝑖𝑗𝑘𝑙 contains the information about the Raman molecule (i.e., Raman frequency,
Boltzmann distribution of the molecular population, polarizability derivatives, and other molecular
parameters), Δ is the Raman detuning, and Γ is the Raman FWHM linewidth (whose value is of
paramount importance). It is then tempting to conclude that above equation leads to Lorentzian
profiles in CARS spectra where single Raman modes are isolated.
Another nonlinear effect occurring when intense light propagates through specific material
is called the Kerr effect. It originates through nonlinear polarization in the material that itself
modifies the propagation properties of light. It is an effect due to an instantaneously occurring nonlinear response, which can be described as modifying the refractive index. The Kerr effect was
discovered in 1875 by John Kerr, [38] a Scottish physicist. If n is the change in refractive index,
n2 is the nonlinear index and I is the optical intensity then
Δ𝑛 = 𝑛2 𝐼

(2.7)

For instance, fused silica has 𝑛2 = 3  10−16 𝑐𝑚2 /𝑊, which can be used to find the change in the
refractive index of the optical signal through it.
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2.3.3

Raman Linewidth and Decoherence Time
As mentioned in section 2.3, two fields are used to drive molecules in a coherently vibrating

state; however, this coherence fades away with time. The time it takes to fade away completely is
coined the term dephasing time or decoherence time. [39] This timing depends on the molecules'
molecular orientation and structure, which is also governed by the Raman line width of the
vibration. Depending on the material, the Raman line widths vary based on the material's
crystallinity [40]. It can be seen that the relation between the Raman line width of the vibration
and the dephasing time of the vibration is inversely proportional and hence play a significant role
in sample characterizations [41].
2.3.4

Beating Phenomenon
Consider a system with two closely packed excited (vibrational) states. If a laser pulse with

a pulse width larger (wider) than the spacing between the two excited states is used to excite the
system coherently, the system enters a coherent superposition state. This can be understood as
analogous to the representation of energy level diagram in Fig. 2.3.

Figure 2.3

Beating phenomenon where pr is the width of the probing field, |1> and |2>
correspond to the energy states of two vibrational modes, and b represents the
beat frequency between the two states
15

Quantum beats arise from the interference if different coherent vibrating modes and the
frequency of beating patterns correspond to Raman excited modes' energy difference [42]. When
the probe pulse is scattered off the coherent vibrations, the beat frequency is transferred to the
scattered signal.
2.3.5

Classical and Quantum Mechanical Approach for CARS
For the CARS process, excitation pulses have to overlap temporally and spatially to

produce the blue-shifted CARS signals. As stated above, there are two kinds of contributions of
CARS signals – resonance and non-resonance signals which can be written separately; hence the
total CARS intensity can be written as:
2

𝐼𝐶𝐴𝑅𝑆  |𝑃(3) | = |𝜒 (3) 𝑬𝑝 𝑬∗𝑠 𝑬𝑝𝑟 |

2

(2.8)

where Ep, Es*, and Epr are the strengths of pump, Stokes and probe fields. (* denoting complex
conjugate). This relation is derived by solving the Maxwell equations relating to the electric field
and polarization induced in a material [43]:
1 𝜕𝑩
𝑐 𝜕𝑡

𝛁 × 𝑬 = −
𝛁 × 𝑯 =

1 𝜕𝑬
𝑐 𝜕𝑡

(2.9)
(2.10)

𝛁. 𝐃 = 0

(2.11)

𝛁. 𝐇 = 0

(2.12)

where E, B, D and H stand for the electric field, magnetic field, electric displacement, and magnetic
flux density, respectively. Using the above equations, it is trivial to derive a relation between the
field E and polarization P:
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1 𝜕 2 𝑬(𝑟, 𝑡)
4𝜋 𝜕 2 𝑷(𝑟, 𝑡)
𝛁 × (𝛁 × 𝑬(𝑟, 𝑡)) + 2
= − 2
𝑐
𝜕𝑡 2
𝑐
𝜕𝑡 2

(2.13)

Derived into the frequency domain for a particular wavelength 𝜔𝑗 , this relation can be written as
[44]:
𝛁 × (𝛁 × 𝑬(𝑟, 𝜔𝑗 )) − (

𝑛𝑗 𝜔𝑗 2
𝜔𝑗 2
) 𝑬(𝑟, 𝜔𝑗 ) = 4𝜋 ( ) 𝑷(3) (𝑟, 𝜔𝑗 )
𝑐
𝑐

(2.14)

The solution of the above equation leads to the relation between polarization and electric field as
given in Eq. (2.8).
Resonant susceptibility is given by, (3)
= −(𝑤
𝑅

𝐴𝑅

𝑝 −𝑤𝑠 )−𝑖𝑅

, where AR is constant related to

the Raman scattering cross-section, ΓR is the half-width at half-maximum of the Raman peak
commonly known as Raman line width, and Ω is the center frequency of the vibrational frequency
of Raman peak and wp and ws are the frequencies of the pump and Stokes, respectively. In
literature, the Raman detuning frequency is given by:  =  − (𝑤𝑝 − 𝑤𝑠 ), thereby making
previous equation as: (3)

𝑅

1
 −𝑖𝑅

. The CARS intensity can be further written in a more detailed

form as [44]:
(3)

(3)

𝐼𝐶𝐴𝑅𝑆  | (3)
+ (3)
|2 𝐼𝑝 𝐼𝑠 𝐼𝑝𝑟 = {|𝑅 |2 + |𝑁𝑅 |2 + 𝑅𝑒((3)
) }  𝐼𝑝 𝐼𝑠 𝐼𝑝𝑟
𝑅
𝑁𝑅
𝑁𝑅

(2.15)

where, (3) are the third-order nonlinear susceptibilities and the subscripts ‘R’ and ‘NR’ stand for
resonant and non-resonant respectively. This notation for resonant and non-resonant responses is
consistent throughout this dissertation. CARS can be treated as a special case of the resonant four
wave mixing process; therefore it is traditionally described by deriving phenomenological thirdorder susceptibility χ(3). However, CARS' linewidth reflects a decoherence process between
coherently excited levels compared to Raman spectroscopy's linewidth that reflects the
population's relaxation.
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The time-dependent Schrödinger equation often describes the evolution of interaction
between matter and light :[44]
𝑖ℏ

𝜕𝜓𝑠 (𝑟, 𝑡)
̂ 𝜓𝑠 (𝑟, 𝑡)
= 𝐻
𝜕𝑡

(2.16)

where, 𝜓(𝑟, 𝑡) = ∑𝑛 𝑐𝑛 ψ𝑛 (𝑟, 𝑡) and 𝑐𝑛 are the projections of 𝜓 along any systems eigenstates and
H is the Hamiltonian with externally applied field:
̂= 𝐻
̂ 𝑜 + 𝑉̂ (𝑡)
𝐻

(2.17)

where H0 is the Hamiltonian of the system in the absence of external field and interaction. Modified
Hamiltonian is given by:
𝑉 = −𝜇 𝐸(𝑡)

(2.18)

The interaction (strength: 𝜇 = ∑𝛼 𝑒𝛼 𝑟𝛼 ) is governed by charged particles (electrons and nuclei) of
the material which are set in motion by this field. The target of this is basically to determine the
polarization in volume V, given from the expectation value of the dipole operator:
𝑃(𝑡) = 𝑁 < 𝜇(𝑡) ≥ 𝑁 < 𝜓(𝑟, 𝑡)| 𝜇 |𝜓(𝑟, 𝑡) >

(2.19)

where bra < 𝜓(𝑟, 𝑡)| and ket |𝜓(𝑟, 𝑡) > notation is used, and N is the number density in volume
V. The most general approach to find the driven wavefunction using approximate methods is based
on perturbation theory. Using the perturbation corrected wave function in the equation above
yields contribution to the polarization in various orders in the field. The density matrix treatment
is incredibly convenient in describing coherence between laser-excited levels and its time
evolutions [44].
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2.3.6

Types of Coherent Raman Scattering Spectroscopic Methods
Based on the properties such as the number of pulses involved or differing domain

considerations, some of the CARS setup variations are as follows; (i) Multiplex CARS [45], [46]
(MCARS, where the pump and probe are overlapped in the frequency domain). (ii) Another
approach referred to as hybrid cars which are a mixture of time and frequency resolved technique
introduced by Benjamin et al. [47] and Pestov et al. [48]. In this, ultrashort pulses pump and Stokes
prepare the molecules in a coherently vibrating state, but instead of a broadband pulse, a narrow
band probe pulse is scattered off the vibrating molecule. This technique is highly efficient in
reducing non-resonant four wave mixing background. Another advantage of this technique is the
simultaneous excitation of multiple Raman modes, and no scanning of the probe is required. Timeresolved CARS (also known as fast CARS), background free CARS, hybrid CARS, broadband
CARS are mere names of techniques that have one common special feature, which is broadband
excitation of the pulse and narrowband delayed probe pulse [37], [48]–[55]. This dissertation
follows the technique mentioned above throughout all applications described. When a common
broadband pulse is employed containing both pump and Stokes, with degenerate center
frequencies, this arrangement is called impulsive CARS, and its related research is reported in
[48], [56], [57]. As compared to impulsive CARS or two color CARS, tri-color CARS has not
only mathematically shown enhanced signals but also offers better chemical selectivity [28], [58],
[59].
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2.4
2.4.1

Prediction of Deferred Buildup of CARS Signal with All-Gaussian Pulses
Faddeeva Function
The complex error function, also widely known as the Faddeeva function, can be defined

as
2

𝑤(𝑧) = 𝑒 −𝑧 {1 +

2𝑖
√𝜋

𝑧

2

∫ 𝑒 𝑡 𝑑𝑡}

(2.20)

0

where z = x + iy is the complex argument. It is, in particular, related to the real and imaginary Voigt
functions as: 𝑤(𝑥+𝑖𝑦)=𝑉(𝑥,𝑦)+𝑖𝐿(𝑥,𝑦). It is a solution of the following differential equation,
𝑤 ′ (𝑧) + 2𝑧 𝑤(𝑧) =

2𝑖
√𝜋

, where the initial condition is given by w (0) = 1

The complex error function is a principal in a family of special functions and is written as F(𝜁𝑗 ) in
the rest of this dissertation. The function arises in various physical problems in describing
electromagnetic response in complicated media. Problems involving small-amplitude waves
propagating

through Maxwellian plasmas,

and

in

particular,

appear

in

the

plasma's permittivity from which dispersion relations are derived; hence it is sometimes referred
to as the plasma dispersion function [60] (although this name is sometimes used instead for the
rescaled function). Also, amorphous oxides' infrared permittivity functions have resonances (due
to phonons) that are sometimes too complicated to fit using simple harmonic oscillators. The
Brendel–Bormann oscillator form uses an infinite superposition of oscillators having slightly
different frequencies, with a Gaussian distribution. The integrated response can be written in terms
of the Faddeeva function. The Faddeeva function is also used to analyze EM spectral obtained
from the type used in AM radio [61].
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2.4.2

Mathematical Formulation
Time-delayed CARS or time-resolved CARS technique has gained much attention in the

past few decades due to the combination of ultrashort excitations using picosecond/femtosecond
systems with advantages of chemical selectivity and suppression of non-resonant background.
Time resolution and theoretical background, mathematical formulation, and as well as supporting
experimental proof of suppressed NR-FWM background using all Gaussian pulses is explained in
the following text.
Yuratich first suggested this spectral model for the calculation of CARS line shape of an
isolated Raman transition of linewidth (FWHM) [62] and, since then, it has been used in fs systems
in the context of fs-CARS for coherent control by means of spectral phase shaping [36], [63]. A
general equation for CARS polarization as a function of the time delay 𝜏𝑝𝑠 between the pump and
Stokes pulses and 𝜏𝑝 𝑝𝑟 between Stokes and probe pulses, [64] has been laid out in the time-delayed
Yuratich equation in terms of frequency envelops 𝜀 as
(3)

𝑃𝐶𝐴𝑅𝑆 (𝜔𝑎𝑆 , 𝜏𝑝𝑠 , 𝜏𝑝 𝑝𝑟 )
∞

∝ ∬ 𝑒 −𝑖𝜔𝑝 𝜏𝑝𝑠 𝑒 −𝑖𝜔𝜏𝑝 𝑝𝑟 ×
−∞

𝜀𝑝 (𝜔𝑝 )𝜀𝑠∗ (𝜔𝑝 − 𝜔)𝜀𝑝𝑟 ( 𝛿𝑎𝑆 − 𝜔)
𝑑𝜔𝑝 𝑑𝜔
𝑖𝛤
∆ − 𝜔− 2

(2.21)

0
0
with, 𝛿𝑎𝑆 = 𝜔𝑎𝑠 − 𝜔𝑎𝑠
showing the detuning from anti-Stokes frequency 𝜔𝑎𝑠
defined by the

carrier laser frequencies and Raman detuning: ∆= Ω − (𝜔10 − 𝜔20 )from vibrational frequency Ω.
Considering synchronous excitation of Raman response with pump and Stokes arriving
simultaneous in time and a delayed probe pulse. (𝜏𝑝𝑠 =0 and 𝜏𝑝 𝑝𝑟 = 𝜏). Looking at the above
equation, it becomes apparent how important the choice of pulse shapes is in order to interpret the
solution of these equations both in quality and quantity. In literature some known form of Fourier21

transform pair of probe pulses include Gaussian-Gaussian (GG) [35], [45], [65]–[67], ExponentialLorentzian (EL) [66], [68]–[70], Sinc-Square (SiSq) [36], [66], [71], [72] and its inverse Squaresinc (SqSi)[37]. Closed-form solutions of all these shapes is exemplified in Ref. [73]. GaussianGaussian formalism is indeed the easiest approach to get accurate formulas for the third-order
nonlinear processes. An exact closed-form solution using all Gaussian pulses was obtained by
Ariunbold et al. [74], [75]. The solutions proposed in [73] definition mentioned above are for an
isolated Raman line; however, it can be extended to multiple lines by taking summation of the
corresponding line terms as done by Ariunbold [76].
Starting with a theoretical description of third-order nonlinear process, for the sake of
simplicity, the authors in [75] assumed that the phase matching condition was satisfied, and any
other explicit propagation terms are discarded. The overall time-resolved CARS/CSRS signal
(3)

(3)

𝑃𝐶𝐴𝑅𝑆,𝐶𝑆𝑅𝑆 (ωaS, τ) can be expressed as a sum of the non-resonant four wave missing 𝑃𝑁𝑅 and
(3)

resonant four-wave mixing signal 𝑃𝑅 :
(3)

(3)

(2.22)

(3)

𝑃𝐶𝐴𝑅𝑆/𝐶𝑆𝑅𝑆 (𝜔𝑎𝑆 , 𝜏) = 𝑃𝑁𝑅 (𝜔𝑎𝑆 , 𝜏) + 𝑃𝑅 (𝜔𝑎𝑆 , 𝜏)
(3)
𝑃𝑅 (𝜔𝑎𝑆 , 𝜏)

∞

= ∫ 𝑑𝜔 (∑

(3)
𝑃𝑁𝑅 (𝜔𝑎𝑆 , 𝜏)

𝑗

−∞

∞
– 𝜔, 𝜏)
) ∫ 𝑑𝜔′ 𝐸𝑝 (𝜔′ )𝐸𝑆∗ (𝜔′ − 𝜔)
∆𝑗 − 𝜔 − 𝑖𝛤𝑗 /2
−∞

𝑁 𝛼 𝐸 (𝛿
𝑗 𝑝𝑟 𝑎𝑆

∞

∞

(2.23)

(2.24)

= 𝛼0 ∫ 𝑑𝜔𝐸𝑝𝑟 (𝛿𝑎𝑆 − 𝜔, 𝜏) ∫ 𝑑𝜔 ′𝐸𝑝 (𝜔′ )𝐸𝑠∗ (𝜔′ − 𝜔)
−∞

−∞

The exact closed-form solutions obtained from these equations are given as [76]:
(3)

𝑃𝑁𝑅 (ω, 𝜏) = c0EpES*Epr
(3)

∆𝜔𝑝 ∆𝜔𝑠 ∆𝜔𝑝𝑟
𝑊

𝜏2

× exp (− 2𝑡 2 −
𝑁𝑅

(−𝑖)

(3)

𝑃𝑅 (ω,𝜏) =𝑃𝑁𝑅 (ω, 𝜏) 𝛥𝜔
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𝑁𝑅

2ln2𝛿 2
𝑊2

∑𝑁
𝑗=1 𝑐𝐽 F (𝜁𝑗 )

+𝑖

2
𝜏𝛿∆𝜔𝑝𝑟

𝑊2

)

(2.25)
(2.26)

where the parameters above include time delay of the probe - τ; CARS detuning - δ; frequency of
CARS signal - ω; field amplitudes of the input Gaussian pulses - Ep (pump), Es (Stokes) and Epr
(probe); constant coefficients - c0 and cJ; spectral full widths at half maxima (FWHMs) - ∆ωp (
2
pump), ∆ωs (Stokes), and ∆ωpr (probe); parameter - 𝑊 2 = Δ𝜔𝑝2 + Δ𝜔𝑠2 + Δ𝜔𝑝𝑟
; effective width
2
2
of NRR - Δ𝜔𝑁𝑅
= (Δ𝜔𝑝2 + Δ𝜔𝑠2 )Δ𝜔𝑝𝑟
/ 𝑊 2 ; and effective time duration of NRR - 𝑡𝑁𝑅 =

√4ln2 / Δ𝜔𝑁𝑅 . The solution of Eq. (2.25) for pure non-resonant process remains Gaussian with
(3)

all-Gaussian input pulses, and it represents the non-resonant process, 𝐸𝑁𝑅 = 𝑃𝑁𝑅 and the sum of
pure non-resonant (Eq.(2.23)) and resonant (Eq. (2.25)) terms represents CARS process as
(3)

(3)

𝐸𝐶𝐴𝑅𝑆 = 𝑃𝑁𝑅 + 𝑃𝑅

(in this reason CARS is also referred to as resonant process). Eq. (2.26)

consists of vibrational Raman lines defined by the Faddeeva function. The Faddeeva function
2
2
F(𝜁𝑗 ) is an error function with complex argument 𝜁𝑗 = [(𝛿Δ𝜔𝑁𝑅
/Δ𝜔𝑝𝑟
− Δ𝑗 + 𝑖Γ𝑗 )𝑡𝑁𝑅 −

𝑖𝜏/𝑡𝑁𝑅 ]/√2 where Γj are FWHM of the jth Raman line, and ∆j is Raman detuning. This detuning
is small for the resonant driving and large for non-resonant driving. The above equation can also
be treated as a product of two Gaussian functions, one with the temporal width 𝑡𝑁𝑅𝑅 and one with
spectral width Δ𝜔𝑁𝑅 where are former depends on probe delay τ, centered at zero and the latter
depends on the CARS detuning δaS. The authors found out that if the probe pulse was delayed for
a time period comparable to its spectral width, the non-resonant four wave mixing signal was
efficiently suppressed. Presence of the CARS signal at this probe delay is a question that is
explained ahead.
The CARS buildup time delay equation was also theoretically introduced in the work to
explain the deferred buildup effect as [76]
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2

Γ𝑗 √4ln2
1
√4ln2
τ𝑗 =
(
)+ (
)
𝑎Γ𝑗 /Δωpr + 𝑏 ∆ω𝑁𝑅
2 ∆ω𝑁𝑅

(2.27)

In the simplest case of broadband pump and Stokes driving and narrowband probe pulse scattering
with assumptions such as ∆𝜔𝑝 , ∆𝜔𝑠 ≫ ∆𝜔𝑝𝑟 , and tNR ≈ √4ln2/∆ωpr, Eq. (2.27) is simplified to
𝜏𝑗 ≈ √4ln2/(aΓ𝑗 + 𝑏Δ𝜔𝑝𝑟 ), wherein CARS buildup is delayed more as the probe pulse width gets
narrower. The Raman line widths Γj are also important parameters to broaden varieties of this
process. Furthermore, when the probe width is close to the Raman line width, Γj ∼∆ωpr, then it
2
becomes 𝜏𝑗 ≈ √4𝑙𝑛2/[(a+𝑏) Δ𝜔𝑝𝑟 ] + 2𝑙𝑛2Γ𝑗 /Δ𝜔𝑝𝑟
∝ 1/Δ𝜔𝑝𝑟 .

This

is

a

first-glance

approximation that the buildup time delay is proportional to probe pulse duration and inversely
proportional to probe pulse width [76]. Thus, in a log-log scale, this dependence tends to have a
linear relationship. Nevertheless, generally, it is not the case for the entire probe width region, and
Eq. (2.27) needs to be employed instead.

Figure 2.4

Visual representation of CARS buildup delay
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2.5

Conclusion
As seen by Eq. 2.27, theoretically, there exists an optimum time delay of the probe pulse

when the CARS signal is maximized with minimal contribution from the non-resonant
background. This characteristic of the CARS signal buildup is relatively unexplored. It shows
promising application to minimize the non-resonant background (exploiting its dependency on the
probe spectral width) and use this buildup time delay dependence to be applied for improved
characterization of the samples under investigation (as from the equation, it is evident that this
buildup time also depends on the material's Raman line width, which is an intrinsic property). In
the following chapter, the all-Gaussian pulse model used in this chapter is employed to simulate
the theoretical results in order to corroborate with the experimental proof of the buildup delay time.
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CHAPTER III
EXPERIMENTAL REALIZATION OF BUILDUP DELAY IN CARS
3.1

Introduction
This chapter uncovers an essential characteristic of the CARS buildup delay process found

experimentally that was predicted theoretically in the preceding chapter. NR-FWM contamination
is an unavoidable byproduct when four wave mixing process takes place; however, with the help
of different pulse shapes in the time/frequency domain, effective suppression of this non-resonant
background is achievable to obtain pure resonant CARS/CSRS data. Before the actual experiment
explanation, each unit of the experimental setup and samples have been explicitly explained.
Following this, the experiment-specific apparatus has been briefed. The chapter concludes with a
successful result depicting the control of the deferred CARS signal buildup with laser pulse
shaping and its relevance in future spectroscopy.
3.2
3.2.1

Experimental Setup
Femtosecond Laser Unit
A regenerative amplified Ytterbium doped lasing system (Model: IMPULSE; MXR-Clark

Inc.) is used as the pump source that delivers a million pulses per second with a ten microjoule
energy per pulse and center wavelength 1035 nm. Pulse width and energy are adjustable from the
computer by changing the repetition rate ranging from 200 kHz to 2 MHz (our set up uses 1 MHz).
The maximum output power is about 10 W with a beam diameter of 5mm. Chirped pulse
amplification (CPA) is a technique for amplifying an ultrashort laser pulse up to the petawatt level
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as seen in literature (our setup is optimized for 10 W operation), with the laser pulse being stretched
out temporally and spectrally, then amplified, and then compressed again. The stretching and
compression use devices that ensure that the pulse's different color components travel different
distances. This can be seen in Fig. 3.1.

Figure 3.1

3.2.1.1

Functional diagram of the laser module

Why Ultrafast Laser Systems?
One of the significant benefits of employing ultrafast lasing systems in the CARS setup is

the control of pulse shaping in order to reduce the non-resonant four wave mixing signal. Most
techniques mentioned in section (2.3.7) to overcome this background are relying on the
preservation of polarization and /or phase, which helps the cause but also has limiting applications.
Short pulse duration, which is smaller than the dephasing time of laser-induced molecular
vibrations, allows for monitoring of the free induction decay dynamics [77], [78] of excited
molecules. Ultrafast fs/ps CARS allows for single-shot measurement capability with improved
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temperature accuracy over a broad range of rotational and vibrational temperature conditions. The
short duration of an ultrafast pulse also provides high peak powers, broad spectral ranges within a
single pulse, and high temporal resolution enabling the study of chemical kinetics [79] and
dynamics. Ultrashort pulses are generated when light waves with a large number of modes, or
integer multiples of half the light’s wavelength (λ), are coherently emitted through their in-phase
superposition, also known as mode-locking [80]. Continuous wave laser can and have also been
used to enhance signals, but they are still at least three orders of magnitude weaker than the
coherent Raman technique using ultrafast lasers, making it still impossible to trace species at trace
concentration of pico-molar and nano-molar. The lowest time resolution possible with these lasers
is in ns to ms. Shorter pulse duration allows for the investigation of ultrafast processes (~ fs) with
short dephasing time.
The choice of laser selection is based on various factors like the samples being used and
the experiments' desired results. As for the current setup, we chose this laser wavelength due to
mainly two reasons. For samples like biomolecules, laser in the infrared region helps to reduce
laser-induced thermal breakdown. Secondly, to use all Gaussian model, it is convenient if the
number of processes involved can be limited, for example: if the resonating frequency of some
chemicals is matching with the difference in pump and Stokes beam, besides coherent excitation
in which the molecules jump to a virtual energy level, there is actual electronic transfer to higher
energy states. This is called coherent resonance Raman [8], [81]. Although this enhances the
signal, it makes the process even more convoluted to work with. Keeping that fact in mind, we
chose this range thereby making closed form solution easy to obtain.
The energy delivered per pulse is simply the average power divided by the laser's repetition
rate, thereby implying its importance of choice. All of the groups working on ultrafast laser
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systems can be broadly divided into three categories based on the laser's repetition rates: the
kilohertz group or high energy group with energies in the millijoule range. The most significant
benefit of employing higher energy is increased coherence and enhanced signals; however,
working with such high energies carries the risk of burning the samples. In addition to that, Raman
imaging is not a viable option either, with these levels of energy. The next category is the low
energy groups with high megahertz repetition rates (~80MHz). This repetition rate corresponds to
energies in nanojoules, which enables the study of cells and bio tissues. Since the energy per pulse
is so low, sometimes multiple pulses are required in order to provide enough energy to excite
molecules. The model described in this dissertation falls into the medium energy with energy per
pulse in microjoule. Not many groups are working with this repetition rate. A medium level of
energy not only facilitate a non-destructive technique but is also most suitable for aquatic
environment. With slight change in the repetition rate our instrument currently holds the potential
to work in sub micro joule energy of each pulse.
3.2.2

Noncollinear Optical Parametric Amplifier
NOPA is a white light continuum seeded; non-collinear, optical parametric amplifier

capable of generating extremely short pulses when pumped by the primary laser module. To
generate short pulses, the IMPULSE laser beam is redirected into a NOPA, which splits into two
beams inside the NOPA enclosure. One of these beams is used to generate a very broad continuum
seed, after which it is amplified by the second, higher intensity beam from the main laser module
in a Beta Barium Borate (BBO) crystal in a noncollinear arrangement (hence the name!). The
conversion efficiency of NOPA is improved by having a longer, rather than shorter, seed pulse
because there is more overlap in time between the two beams. The initial seed beam has a very
broad bandwidth, the profile of which is preserved during the non-collinear amplification. This
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beam is later compressed using a pair of prism/chirped mirror compressor arrangement.
Noncollinear amplification is preferred for extremely short pulse generation since the resulting
pulse width depends only on the seed's bandwidth and not on the beam width of the beam from the
main laser module. The crossing angle in the NOPA crystal is determined by the center wavelength
that is desired to be amplified. Due to the high refractive index of BBO crystal, the precision of
this angle is very vital. Even in a 1 mm crystal, the crossing angle inside is substantially different
from the angle outside of it. The internal angle is the one that is determined by the phase matching
angle, the pump wavelength, and the signal wavelength. The external angle is the angle that is set
outside of the BBO crystal so that when the wavelength-dependent index of refraction of BBO
bends the pump and signal paths as they enter the crystal, they have the appropriate internal
crossing angle.
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Figure 3.2

NOPA schematic layout

As seen from the figure above, our experimental arrangements, the NOPA is used to
produce Stokes (1035 nm), pump (915 nm), and probe (520 nm) pulses. Pump is generated by the
BBO crystal and compressed inside the NOPA, as explained above. The pump and Stokes beams
are broadband and their full width at half maximum (FWHM) are ∼60 and ∼5 nm, respectively.
Spectra of the two beams is recorded via portable spectrometers (Ocean Optics Inc.)
3.2.3

Folded 4f-Pulse Shaper
Pulse shaping arrangements are commonly used in femtosecond/picosecond CARS

systems in order to generate probe pulse with adjustable temporal width [37], [82], [83]. 4-f pulse
shaper usually consists of a pair of gratings and lenses that are first used to disperse the input wave
31

into its spectral components on the Fourier plane of the lens and then recombined through a phase
or amplitude mask to manipulate the spatially dispersed optical Fourier components. Folded 4-f
pulse shaper (shown in Fig. 3.3), on the other hand, has a comparatively simplified geometry. It
incorporates a single grating (2400 line/mm) to disperse the input femtosecond pulse spectrally.
The dispersed pulse is collimated in the dispersion direction using a plano-convex cylindrical lens
placed (1 focal length, f) from the grating, and a broadband protected silver mirror is placed at the
Fourier plane, one f from the cylindrical lens. The theoretical dispersion [cm-1 /mm] can be
calculated for the grating/lens combination by first calculating the diffraction angle, β±, for
wavelengths λ± = λo ± Δλ with center wavelength, λo
𝛽±= 𝑆𝑖𝑛−1 {

𝑚𝜆
+ sin (𝛼)}
𝑑

(3.1)

where m is the diffraction order, λ is the wavelength (mm), d is the inverse of the groove density
(mm), and α is the input angle. The dispersed distance, D±, (for λ± = λo ± Δλ) can be computed
once the diffraction angle, β±, is known by the relationship: 𝐷± = 𝑓 tan(𝛽 ± 𝛽𝑜 ) (where f is the
focal length (mm) of the cylindrical lens.) An adjustable rectangular slit (Thorlabs) is placed on
the mirror's surface which allows a selectable portion of the total bandwidth to be reflected back
to the grating. The mirror is vertically tilted to position the reflected beam above the gratings’ input
beam, thus allowing the separation of the pulse-shaped beam. The probe beam can be shaped into
a narrowband with less than 1 nm spectral FWHM by using this homemade shaper.
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Figure 3.3

Homemade folded 4f- pulse shaper

Using the folded 4f- pulse shaper geometry described above, by varying the slit's width
before the mirror, the probe pulse width is varied for the application as will be shown in subsequent
sections.
3.2.4

Autocorrelator
An autocorrelation in femtosecond/picosecond systems is employed in order to measure

the pulse width in the temporal domain by calculating the autocorrelation of the pulse with a time
delayed copy of itself. The setup of an interferometric autocorrelator contains a Michelson
interferometer with a variable arm length difference. The polarization of the pulses remains intact.
An interferometric autocorrelation is obtained by recording the average power of the frequencydoubled signal obtained via a sum frequency generation crystal:
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𝐼𝑎𝑢𝑡𝑜 (𝜏) = ∫{𝐸(𝑡) + 𝐸(𝑡 + 𝜏)}4 𝑑𝑡

(3.2)

where the integration is over the temporal range corresponding to one pulse. This kind of
autocorrelation trace exhibits a fast oscillation with a period of half the optical wavelength. Results
from the autocorrelator constructed in the lab (shown in Fig. 3.4) reveal the pulse width of the
Stokes beam as ∼ 250 fs and the pump beam as ∼ 70 fs.

Figure 3.4

3.2.5

Homemade autocorrelator representation

Prism Pulse Compressor
Dispersions of ultrashort pulses outside the laser cavity are often compensated by means

of a prism pulse compressor. A prism compressor is used in the current setup to shorten an
ultrashort laser pulse duration by giving different wavelength components a different time delay.
It consists of two prisms and a mirror. Although the dispersion of the prism material causes
different wavelength components to travel along different paths, the compressor is built such that
all wavelength components leave the compressor at different times but in the same direction. If the
different wavelength components of a laser pulse were already separated in time, the prism
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compressor could make them overlap with each other, thus causing a shorter pulse. In the current
system, this kind of pulse compression is performed twice; once inside the NOPA, where the signal
was compressed, and second outside the NOPA, where the residual 1035 pump beam was
compressed. The prism pulse compressor arrangement used in the setup can be seen in the Fig.
3.5.

Figure 3.5

3.2.6

Homemade prism pulse compressor

Time-bandwidth Product
The time–bandwidth product of a pulse is the product of its temporal duration and spectral

width (in frequency space). The two benefits of ultrafast lasers, namely, probing molecules at very
small-time scales and simultaneously exciting multiple molecular vibrations can be interconnected
using the Heisenberg uncertainty principle. Siegman et al. and Hugo Weichel [84] have shown
how Heisenberg principle can be applied to pulses of light described in the frequency and time
domain. If a Gaussian pulse shape is considered in time, the complex envelope parameter, Γ, can
be defined as Γ = a − ib, as described in a study by Dedic (Iowa state) [85] where a is the real pulse
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envelope, and the complex coefficient b is a measure of the linear pulse chirp. Chirp occurring in
a pulse causes some frequencies to occur at different times. For example, for a pulse with a
negative linear chirp, the lower frequency components arrive in time after the higher frequency
components and vice versa for a positive linear chirp. Frequency modified by parameter b is given
by: ωi(t) = ω0 + 2bt (where, ω0 is the central carrier frequency). The full width at half maximum
(FWHM) of the pulse in time and frequency can be calculated from the electric field as
∆t =

√2𝑙𝑛2
𝑎

b 2
2ln2√ {1 + (a ) }
∆ν =

(3.3)

(3.4)



where ∆t and ∆ν are the pulse width in seconds and Hertz (time and frequency domain)
Using the above two equations, the time-bandwidth product linking the width of a Gaussian
pulse in time and frequency domain is found out to be:
b 2
√
∆ν ∆t = 0.44 1 + ( )
a

(3.5)

The time-bandwidth product is simply a restatement of the Heisenberg uncertainty principle. In
case of a transform limited pulse, otherwise known as unchirped pulse, the above product is simply
0.44.
3.2.7

Shamrock Spectrograph and Newton EMCCD
The Shamrock 500i is used to procure all the data obtained and presented in this

dissertation. It allows seamless integration in our set-up. A spectroscopy-dedicated software,
Andor Solis, that came along with the spectrograph is used to view the experiment's transgressions
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in real time and at the same time control and change parameters like the integration time groove
setting, modes of data, etc. The software has its programming language that enables control of the
Newport delay stages and the acquisition settings in Newton EMCCD. EMCCDs operate by
amplifying weak signal events (down to single photons) to a signal level that is well clear of the
camera's read noise floor at any readout speed. This ‘on-chip’ amplification process is realized
without sacrificing the photon collection capability of the sensor. Back-illuminated architecture
boosts Quantum Efficiency (QE) up to 95%, and the supercharged NewtonEM allows access to
the highest spectral rates without loss of sensitivity thanks to the EM amplification architecture.
3.2.7.1

Calibration of Spectrograph
Calibration of the spectrometer was done by comparing the spectra's characteristic peaks

obtained from helium and hydrogen bulbs (Mississippi State University) and the Raman spectra
of the two available in the literature [86]. The system was calibrated using an equation for a linear
fit [149]:
𝜈1 [𝑐𝑚−1 ] = 𝐼0 + 𝐶1 ∗ 𝜈2 [𝑐𝑚−1 ]

(3.6)

where 1 is the calibrated wavenumber, 2 is the uncalibrated wavenumber, I0 is the fit constant,
and C1 is the fit coefficient
Calibration using a helium lamp is demonstrated in Fig. 3.6 and 3.7.
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Figure 3.6

Uncalibrated helium spectra (red) along with theoretical helium characteristic
peaks (black)

Figure 3.7

Calibrated helium spectra (red) along with theoretical helium characteristic
peaks (black)

(Figures 3.6 and 3.7 are reprinted with permission from [149])

3.2.8

Generation of the CARS Signal
In order to generate CARS signal, all beams should spatially overlap on the sample, and

second, excitation pulses should overlap in time. This temporal overlap requirement is different in
the femtosecond laser CARS experiment than in CARS with narrowband lasers. For narrowband
excitations, the temporal overlap requirement is relaxed, if not automatically satisfied. Fig. 3.8
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shows the sum frequency generation of the two IR beams (pump and Stokes). The sum frequency
generated signal provides proof of perfectly overlapped beams. A BBO crystal (Type 1) is used
along with a portable spectrometer to achieve type-I phase-matching and record the spectrum,
respectively. Wavelengths of the second harmonic signals are 467.2 nm and 519.5 nm with an
FWHM of 10 and 5 nm respectively, and the sum frequency generated signal has a center
wavelength of 498.3 nm and a FWHM of 14 nm.

Figure 3.8

Sum frequency generation spectrum of pump and Stokes using BBO crystal (type-I
phase matching)
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3.3

Three-dimensional View of the Experimental Layout

Figure 3.9

3D view: schematic arrangement of the coherent Raman spectroscopy setup

Figure 3.9 depicts a three-dimensional final arrangement for the coherent Raman set-up,
where a Ytterbium-doped fs fiber laser (Clark-MXR: A) produces an initial beam with center
wavelength 1035 nm and average power 10W. This beam with a repetition rate of 1 MHz and 10
J energy per pulse is then directed to a noncollinear optical amplifier (NOPA: B), which produces
two new beams, probe (520nm) and pump (915 nm), in addition to the residual Stokes beam (1035
nm). The pump beam is compressed inside the NOPA using a prism pulse compressor, and its
wavelength is also tunable by changing the crossing angle in the NOPA crystal. The pump and
Stokes, both beams are broadband having a full width half maximum (FWHM) of 60 and 5 nm
respectively, whereas the probe is narrowband (FWHM ~ 1nm) which can be shaped using a
homemade 4-f pulse shaper (C) with grating (2400 grooves, Thorlabs Inc.). Beam durations are
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measured using an autocorrelator, (H) and two homemade Keplerian telescopes (F) are placed on
the path of pump and Stokes beams. The spatial overlap is taken care of by the beams' collinear
arrangement, and the temporal overlap is controlled using a motorized stage in the path of the
probe and pump (Newport Inc.: D). After the beams overlap spatiotemporally on the sample (G),
forward CARS signal is detected using a spectrograph with EMCCD. The main elements of the
set-up remain consistent throughout this dissertation; however, depending on the application, each
chapter describes how the set-up is modified in order to carry out different experiments.
Table 3.1

Beam Parameters

Beams

Wavelength (nm)

Power

Bandwidth

(at sample)

Pulse
Duration

Pump

915

32 mW

40 nm

70 fs

Stokes

1035

160 mW

5 nm

250 fs

Probe

520

4 𝜇W

1 nm

3 ps

(515 - 525)

(adjustable)

(variable)

(variable)

All the beams were S-polarized with a beam diameter of about 2 mm.
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3.4
3.4.1

Samples
Pyridine

Figure 3.10

Molecular structure of pyridine

Pyridine is a unique aromatic ring. Although pyridines are used industrially, pyridine
moieties are present in many natural products, such as vitamins, coenzymes, alkaloids, and also in
many drugs and pesticides. Pyridine moieties are often used in drugs because of their
characteristics such as basicity, water solubility, stability, hydrogen bond-forming ability, and
small molecular size. Because pyridine rings can act as the bioisosteres of amines, amides,
heterocyclic rings containing nitrogen atoms, and benzene rings, their replacement by pyridine
moieties is important in drug discovery. Pyridine rings are present in many natural products,
including vitamins such as niacin’s and vitamin B6, coenzymes such as nicotinamide adenine
dinucleotide (NAD), and alkaloids such as trigonelline. Some pyridine derivatives like paraquat
and diquat, and fluoridone are used regularly used as herbicides in agriculture and due to its
structural similarity to pyrimidine that governs the secondary structure of RNA and DNA. Two
main peaks for pyridine at 1 (ca. 992cm-1) and 12 (ca. 1032 cm-1), in Wilson’s notation [87],
[88] which correspond to ring-breathing and in-plane ring-bending, respectively. Fig. 3.11 shows
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the anti-Stokes Raman spectrum of pure pyridine sample at 3.4ps delay of the probe obtained via
the aforementioned apparatus.

Figure 3.11

3.4.2

Coherent anti-Stokes Raman spectrum of pyridine at 3.4 ps delay of the probe
pulse

Benzene

Figure 3.12

Molecular structure of benzene

Benzene is an organic chemical compound with the molecular formula C6H6. The benzene
molecule is composed of six carbon atoms joined in a planar ring with one hydrogen atom attached
to each carbon, respectively. As it contains only carbon and hydrogen atoms, benzene is classed
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as a hydrocarbon. Benzene is formed from both natural processes and human activities. Natural
sources of benzene include volcanoes and forest fires. Benzene is widely used in the United States
and is also a natural part of crude oil, gasoline, cigarette smoke, some types of lubricants, rubbers,
dyes, detergents, drugs, and pesticides. One point should be noted that pyridine is soluble in water
because pyridine can form strong dipole-dipole interactions (or hydrogen bonds) with water, while
benzene cannot. Benzene molecule exhibits a single Raman spectral peak (the breathing/stretching
mode) at ca. 992 cm−1, as shown in the Fig. 3.13. It shows the anti-Stokes Raman spectra of
benzene at 3.4 ps delay of the probe pulse.

Figure 3.13

3.4.3

Coherent anti-Stokes Raman spectrum of Benzene at 3.4 ps delay of the probe
pulse

Water

Figure 3.14

Molecular structure of water
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In a water molecule, the hydrogen atoms are close to two corners of a tetrahedron centered
on the oxygen. At the other two corners are lone pairs of valence electrons that do not participate
in the bonding. For our experiments, water plays a vital role in two ways; first, mixing chemicals
with water forms complexes whose nature can be investigated. Second, water can be used as a
reference as in our region of interest since it exhibits no Raman characteristics. Due to water's
universal nature, water interaction with chemicals and their behavior towards OH bonds are a
crucial study. A hydrogen bond is formed by a dipole-dipole force between an electronegative
atom and a hydrogen atom that attaches covalently with another electronegative atom of the same
molecule or a different molecule. Therefore, lastly, an important reason is that Coherent Raman
techniques thrive on the dipole interactions in the material under investigation, and hydrogen
bonding provides the strongest kinds of dipole-dipole interaction to be observed.
3.5

Experimental Arrangement for Realization of Deferred Signal Buildup
The present experiment's goal requires measurement of parameters such as the dephasing

rate of Raman line widths of the chosen chemicals; hence, a fs-laser system described in section
3.5, was employed in the present study. The two pyridine modes' dephasing rates differ slightly,
hence allowing further investigation of the Raman line width (Γj) dependence in Eq. (2.26). The
main input beam is passed through NOPA producing two new beams with parameters shown in
Fig. 3.15. Pump and Stokes beams are tuned to on-resonance driving ring modes of benzene and
pyridine molecules. The water molecule has no stand-alone Raman peak in this region of 1000
cm−1. Since the driving pulses are tuned away off-resonant to actual water molecular vibrational
energy, the NR process is expected for water.
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Figure 3.15

Experimental scheme

Table 3.2

Beam Parameters
Beams

Wavelength

Power at

Bandwidth

Pulse width (fs)

(nm)

sample

Pump

915

24 mW

40nm

50

Stokes

1035

24 mW

5nm

240

Probe

520

0.4 𝜇W

Variable

One of the most necessary arrangements in this procedure is the control of probe pulse
widths. The 520 nm beam from NOPA passes through a folded 4-f system, which is described in
section 3.4.3. The recorded spectra, with changing probe widths (from ca. 50 cm−1 to reach less
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than 10 cm−1), can be seen in Fig. 3.16. The spectra were recorded using a portable spectrometer
(Ocean Optics Inc.). Probe width is controlled by controlling the slit width.

Figure 3.16

Schematic of controlled pulse shaping (left) and variable probe widths

(Reprinted with permission from [76])

Every time the probe width was changed, the beam's power was also manually adjusted to
be consistent throughout all measurements. A 10 cm focal length achromatic lens is used to collect
the signal in the forward direction using a spectrograph attached to an EMCCD. The details of the
experimental setup are explained in previous sections. Adopting the CARS/CSRS spectroscopy
described in section 2.3, vibrational modes of pyridine are excited into their macroscopic
coherence, which involves three ultrashort pulses (the fs pump and fs Stokes pulses selectively
excite the pyridine ring breathing mode at ν1 (992 cm−1) and triangular mode at ν12 (1031 cm−1 )
with a separation of 39 cm−1, into their macroscopic coherence. The experiment was performed
using the main set-up described in section 3.5. For this experiment the probe delay stage varies
between -2 ps and 8 ps with an increment of 13 fs. At the -2 ps delay the probe pulse strikes the
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sample 2 ps before the arrival of the pump and Stokes pulses. While at 8 ps delay, the probe pulse
strikes the sample 8 ps after the pump and Stokes pulses. A set of 10 spectra are recorded, each
with an integration time of 0.2 s. A computer-controlled probe pulse delay with respect to the
arrivals of driving pulses, and at each delay position signal, spectra are recorded.
3.6

Results

Figure 3.17

Collection of spectrograms stacked together as probe width increasing from ca. 10
to ca. 50 cm−1.

(Reprinted with permission from [76])
The exact close form solution of the CARS signal with all Gaussian pulses is given as Eq.
(2.25) and (2.26). Using this formula, the second column of Fig. 3.17 is plotted. The top row of
the figure shows the spectrograms for non-resonant processes (water). Since water does not exhibit
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any stand-alone peak in this region, these spectrograms are symmetric with respect to zero delay
of the probe and are independent of the probe width. Row two and three, on the other hand, show
the resonant processes for benzene (row two) and pyridine (row three). It can clearly be seen in
these two cases that the CARS signal builds up gradually (maximum intensity is not at zero delay).
Its dependence on probe width can be seen; as the probe gets narrower, the buildup time delay for
pyridine and benzene is close to 2 ps for the narrowest probe with (10 cm-1).
Besides the ring bending mode (1031 cm-1), pyridine also exhibits a ring breathing mode
peak around 992 cm-1 as as breathing mode found in benzene. For narrow probe widths, these two
modes are well separated; however, when the probe width gets wider (>39cm-1: lower parts of the
spectrograms), quantum beating (see, section 2.3.5) between the two peaks of pyridine can be
observed. The beating period is measured directly from the spectrograms plotted. This beating
period is found out to be 0.855 ps, which matches a separation of 39cm-1 (the separation of the two
peaks). Theoretically speaking, depending on their dephasing rates, multiple Raman peaks of the
same species buildup at different delay positions. The decoherence time (dephasing time) is
measured using the slope in the logarithmic scale of the Gaussian peaks. For the present
experiment, difference in dephasing rates for these peaks is ca. 20%, which is not negligible in the
current situation. This difference can readily be used as one of the parameters in identifications
and chemical separation of unidentified vibrations obtained experimentally.
As seen from Eq. (2.25), the weak peak (the triangle mode that is also about ca. 20% weaker
in intensity than that of the other mode), which has a larger rate exhibiting a larger delay of buildup
and the second term in Eq. (2.26) supports this point. In addition, it is also because of their NR
contamination (associated with relative phases between non-resonant and resonant processes),
which contributes differently to the overall data. As for the present data, both resonant and non49

resonant processes contribute to the recorded data, even though the resonant signal is much
stronger than the non-resonant one. However, we observe that the triangle mode at ~1031 cm−1 is
less contaminated; thus, 𝐸𝐶𝐴𝑅𝑆 (ω𝑎𝑆, τ) ≈ 𝑃 (3) (ω𝑎𝑆, τ) and its buildup is directly compared to
formula Eq.(2.26) for the pure resonant process. These spectrograms exhibit visual evidence of the
deferred CARS buildup's existence that defies traditional assumptions that CARS always reach its
maximum when all pulses arrive simultaneously. An exciting feature, which is still under
speculation, is the wiggles (or oscillations), seen in the maxima’ of the peaks corresponding to the
experimental data (first row) in Fig. 3.17. These oscillations are absent from the simulated
theoretical data, which supports the fact that these oscillations, in fact, are present due to an
ongoing phenomenon in the experiment, such as laser fluctuation or an unidentified response from
the sample.

Figure 3.18

CARS buildup delay time as a function of probe delay

(Reprinted with permission from [76])
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Figure 3.18 shows the dependence of the buildup time of the CARS process with the probe
width. The vertical dashed line on the right side of the plot denotes the non-resonant processes
which have no buildup time, as mentioned before. The curve with diamond maxima represents the
results obtained from Eq. (2.26); on the other hand, curve with circle maxima are plotted using the
numerical simulations in which CARS maxima are obtained from theoretical data(diamonds).
Theoretical and experimental data seem to be in good agreement with a constant offset of 0.35ps.
It should be noted from the plot that, as the buildup time delay increases about to about five times,
the probe width corresponding to that has been diminished by five times compared to its original
value. This supports the aforementioned relation of buildup time delay and probe width. ( τ𝑗 ∼
1/∆𝜔𝑝𝑟 ). Keeping in mind that the detection limit for the current setup is 10cm-1, we believe that
the last three points for probe widths were even lesser than 10 cm-1 hence a saturation or all three
points being seen on the horizontal detection limit. This theory then removes the discrepancy
between theoretical and experimental data points in this region. Finally, it is important to mention
that no fitting free parameter has been applied here and all theoretical results for water, benzene,
and pyridine shown in Fig. 3.17, share the exact same common parameters as we start simulating
a single formula as a sum of Eq. (2.25) and (2.26).
3.7

Conclusion and Future Work
The present chapter observes how, with its closed-form solution, quantification of

essentials in the CARS signal and manipulation of its temporal evolution could be understood.
Experimental realization of the signal building gradually and its deferral being controlled by laser
pulse shaping was demonstrated. Driving pulses are tuned to the Raman-resonance onto the
vibrational ring modes of pyridine and benzene molecules. As a result, CARS buildup is deferred
in picoseconds more as delayed probe pulse width varies from 50 down to 10 cm−1. With off51

resonant driving of water molecules, this effect, on the contrary, does not occur. Temporal
manipulation of the CARS signal showed its ability to serve as a species-specific indicator which
can be used in machine learning applications for future nonlinear optical spectroscopy. This
chapter also demonstrates the possibility of other unknown parameters that can be employed to
control the deferral of the CARS signal buildup such as the spectral widths of other to beams. This
opens up wide doors for unexplored theoretical and experimental analyses.
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CHAPTER IV
SECOND-ORDER CORRELATION SPECTROSCOPY (SOCOS)
4.1

First-order and Second-order Correlation Functions
Correlation functions have been used for a long time to characterize electromagnetic field

responses (or spectroscopy). The degree of coherence is the normalized correlation of electric
fields. Its most straightforward form has been demonstrated to quantifying the coherence between
two electric fields, as measured in a Michelson interferometer. Before the Hanbury Brown-Twiss
experiment in 1950, the light was just considered an EM wave; after measuring the correlation
function, specifically the g(2) function in the time domain that relates two intensities, it can be said
to mark the birth of quantum optics. For example, in order to hear two clicks in the stream of light
simultaneously, a beam splitter is used with two photodetectors. A similar configuration was used
in the original experiment to test a new type of stellar interferometer, in order to measure the size
of star “Sirus”[59,60]. Over the years, the second-order correlation function in space and time has
been studied extensively, and its application has been extended to various complex systems
descriptions[91]–[93]. Recently (2018), in his publication Ariunbold [94] introduced a newly
defined second-order function in the frequency domain to study asymmetrical noise correlation in
CARS and CSRS spectra, which was also the diagonal sum of the synchronous plot in 2D
correlation spectroscopy. The correlation between pairs of fields, typically is used to find the
statistical character of intensity fluctuations. First-order correlation is the amplitude-amplitude
correlation, and the second-order correlation is the intensity-intensity correlation. Coherence can
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also be thought of as one kind of correlation and depending on the relative phases of the fields, the
term coherence is used. However, in the case of correlation, we correlate any two quantities based
on anything that they might have in common, not necessarily phase, could be dipole-dipole
interaction.
4.2
4.2.1

Two-dimensional Correlation Spectroscopy (2DCOS)
Current State of the Art
Typically, a probe is used to interact with the sample in a traditional spectroscopic method,

and the samples response is studied. The obscured information in these one-dimensional spectra
can be extracted using two-dimensional spectroscopic analysis. The basic concept of 2DCOS
spectroscopy was introduced almost 30 years ago in the field of nuclear magnetic resonance. As
2D spectroscopy began to grow and develop, optical spectroscopy began to be tested. Noda’s
development of 2D-FTIR [18] arose from relaxation studies because they were a much longer
timescale than vibrational relaxation. Once it was realized that vibrational spectra could be
analyzed via this method, the field began to flourish.

Figure 4.1

Flow chart representing 2DCOS analysis
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Two-dimensional spectroscopy involves measuring an optical signal as a function of two
optical frequencies. The data is then usually presented as 2D contour plots, where color intensity,
position and shape are often used to represent phase and amplitude. When both optical frequencies
are the same, it is equivalent to simply exciting and probing the sample with degenerate light, and
the resulting diagonal plot is identical to the one-dimensional spectrum. However, if two peaks in
the spectrum are coupled somehow, they will give rise to an off-diagonal peak. 2DCOS constructs
2D image as an optical analog to nuclear magnetic resonance imaging [95]. This technique has
extensively been used in a perturbation-based incoherent Raman spectroscopy to reveal the system
dynamics under external perturbations, for example, variations of temperature and/or
concentration. [19], [96]–[98]. Two-dimensional correlation spectroscopy (2DCOS) has emerged
as a powerful diagnostic tool in nuclear magnetic resonance (NMR), fluorescence, Raman, and IR
spectroscopies since its introduction in the early 1800s[99]–[102]. 2DCOS has been extensively
applied to protein science, pharmacy, biomedical applications, and nano research[98], [103], [104].
The main goal of 2DCOS investigations is to explore mutual correlations between perturbationinduced spectral responses in spectroscopy. In the last five decades, significant progress has been
demonstrated in developing two-dimensional correlation spectroscopy as an analytical tool to
enhance and reveal the synchronously and asynchronously correlated features on 2D data maps.
In the past, several techniques, such as moving window 2DCOS and null space projection, have
advanced comprehensive interpretation of 2DCOS results[105], [106]. For example, by spreading
the overlapped spectral features along a second dimension, the apparent spectral resolution is also
enhanced. Due to its application versatility, publication rates are about 180 articles per year, and
almost 2.5K articles on 2DCOS have been published so far [107].
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In the literature, the 2D hetero-spectral correlation analysis is divided into two categories:
One dealing with very similar spectroscopic analyses such as IR and Raman. An example of this
technique was done by Jung et al. [108] when they used both IR and Raman to investigate specific
amide signals in the secondary structures of β-Lactoglobulin in buffer solutions. 2DCOS was first
used on the protein, as well as 2D Raman, to assign peaks and propose a mechanism for a
concentration-dependent reaction. Since both spectroscopic techniques had a concentrationdependent external perturbation, the group tried two-dimensional hetero-spectral correlation
analysis to test the analysis method's legitimacy for protein research. They could detect small
amino acid bands that were not detected in either the 2D IR or Raman experiments. The other form
of 2D hetero-spectral correlation analysis dealing with completely different forms of spectroscopic
techniques. Because the techniques are so different, the external perturbation has to be the same in
this case. Unique physical or spectroscopic characteristics can be discovered through this method.
E.g., A study was performed using X-ray absorption, and Raman spectroscopy to find the
mechanism of a reaction involving lithium and cobalt oxide. This was a very similar study to that
of Jung et. al., in that 2D correlation was performed with both X–ray and Raman signals and a
mechanism were proposed using the asynchronous spectrum while getting a much better
resolution. Then, a 2D hetero-spectral correlation analysis was performed to confirm these
conclusions. Not only was the mechanism confirmed using this technique, but the complex band
assignments were also confirmed.
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Figure 4.2

Analytical probes, static perturbations, and most shared systems used in 2DCOS

Out of all the perturbations that have been used over the years, temperature and
concentration take up a major share. Temperature induced spectral changes have probably been
used as one of the most common ways to analyze two-dimensional correlation. For example,
temperature-dependent NIR spectra of decanal for hydrogen bonding study and rotational
isomerism detection were reported by Czarnecki et al. [109]. Czarnecki published a series of papers
on temperature- based 2D NIR analysis of associated liquids as well. The earliest work on the 2D
IR correlation study based on concentration variation was the covariance mapping study of
lysozyme found in a commercial detergent [110]. Concentration dependence of the IR spectra of
this detergent enzyme was analyzed by constructing a 2D covariance map. The use of
concentration variation as a form of system perturbation variable is gaining popularity as much as
the temperature effect. Numerous technical papers on concentration-based 2D spectroscopy have
been published in recent years. For example, biological samples, proteins, phospholipids, etc. as
studied by Czarnik-Matusewicz et al. [111], who reported the 2D NIR study of milk based on the
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concentration differences of fat and protein. The detection of buried spectral bands was noted, and
comparison was made to some chemometrics techniques. Abderak et al. [112] published the 2D
Raman study based on the concentration scan of phosphoric acid. Inter- and intramolecular
interactions in highly concentrated phosphoric acid could be detected. Ren et al. [113] described
polymers as the 2D Raman study of the compositional variation of PS/PPE blends. In their work,
the normalization of spectra based on the area under the curve within a fixed spectral region is
used. Although by far IR is used maximum as probe in two-dimensional spectroscopic analysis,
Raman spectroscopy

[114][115][116][117][118][119] [120][121], [122] [18] is also used

popularly in 2DCOS representing about 10% of the analytical probes found recently. Various
Raman spectroscopic techniques, such as surface-enhanced or tip-enhanced Raman spectroscopy
(SERS)[123], [124], UV resonance Raman (UVRR) spectroscopy [125], Raman optical activity
(ROA)[126], Raman microscopy[127], Raman imaging [128], and spatially offset Raman
spectroscopy(SORS) [129] were reported. The use of hetero-spectral correlation of Raman
spectroscopy with IR, Sum frequency generation(SFG) [130], [131], and MALDI-TOFMS [132]
were also reported. 2DCOS has also been applied to fluorescence spectroscopy in various fields,
such as a polymer, biomaterials, bio-derived, foods, environmental, and forensic etc. Especially,
many Chinese patents using 2D fluorescence as an analytical method for identification were filed.
2D hetero-spectral correlation of fluorescence with IR spectroscopy was also reported. Many
applications of 2DCOS in NMR spectroscopy were reported since 2D NMR spectroscopy based
on the generalized 2DCOS has been first reported by Eads and Noda. Hetero-spectral correlation
of NMR with near-edge X-ray absorption fine structure spectroscopy (NEXAFS) have been
investigated as well. 2DCOS is also widely used to enhance spectral resolution in order to help
differentiate highly overlapped spectral bands
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4.2.2

Theoretical Description
Suppose a discretely sampled set of spectra I (j, Mk) is obtained for a system measured

under the influence of an external perturbation, which induces changes in the observed spectral
intensities. The spectral variable j with j = 1, 2, ... n; could be, for example, wavenumber,
frequency, scattering angle, wavelength, etc., and the other variable Mk with k = 1, 2, ... m
represents the effect of the applied perturbation, e.g., time, temperature, concentration, and
electrical potential. Only the sequentially sampled spectral dataset obtained during the explicitly
defined observation interval between t1 and tm will be used for the 2D correlation analysis. For
simplicity, wavenumber and time are used to designate the two variables, but it should be
understood that use of other physical variables is equally valid [97]. Definition of two-dimensional
synchronous function is given as:
𝑀

𝑠𝑦𝑛𝑐
𝛷𝐼1𝐼2 (𝑣1 , 𝑣2 )

1
= ∑ 𝐼𝑗 (𝑣1 ). 𝐼2𝑗 (𝑣2 )
𝑀
𝑗=1

where 1 and 2 are the frequency at which the intensities, Ij, and I2j are being correlated.

Figure 4.3

Synchronous two-dimensional correlation spectra [19]
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(4.1)

Synchronous 2D contour map represents the simultaneous or coincidental changes of
spectral intensity variations measured at 𝑣1 and 𝑣2 during the interval between Mmin and Mmax
of the externally defined variable M. A synchronous spectrum is a symmetric spectrum with
respect to a diagonal line. The intensity of peaks located at diagonal positions corresponds
mathematically to the spectral intensity variations observed in the autocorrelation function. The
diagonal peaks are therefore referred to as auto peaks. The magnitude of an auto peak intensity,
which is always positive, represents the overall extent of spectral intensity variation observed at
the specific spectral variable n. Any regions of a spectrum that change the intensity to a great extent
under a given perturbation will show strong auto peaks, while those remaining near constants
develop few or no auto peaks. The definition of the two-dimensional correlation function is given
as:
𝑀

𝑎𝑠𝑦𝑛𝑐
Ψ𝐼1 𝐼2 (𝑣1 , 𝑣2 )

𝑀

1
= ∑ 𝐼𝑗 (𝑣1 ). ∑ 𝑁𝑗𝑘 . 𝐼2𝑘 (𝑣2 )
𝑀
𝑗=1

𝑘=1

where 1 and 2 are the frequency at which the intensities, Ij, and I2k are being correlated, and
Njk is the Hilbert-Noda matrix [190].
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(4.2)

Figure 4.4

Asynchronous two-dimensional correlation spectra [19]

The intensity of an asynchronous spectrum represents sequential or successive changes of
spectral intensities measured at 𝑣1 and 𝑣2 . An asynchronous spectrum is antisymmetric with
respect to the diagonal line. The asynchronous spectrum has no auto peaks, consisting exclusively
of cross-peaks located at off-diagonal positions. An asynchronous cross peak develops only if the
intensities of two spectral features change out of phase (i.e., delayed or accelerated) with each
other. This feature is especially useful in differentiating overlapped bands arising from spectral
signals of different origins. Even if bands are located close to each other, as long as the signatures
or the pattern of sequential variations of spectral intensities are substantially different,
asynchronous cross peaks will develop between their spectral coordinates. The signs of
asynchronous cross-peaks can be either negative or positive. The sign of an asynchronous cross
peak becomes positive if the intensity changes at 𝑣1 occurs predominantly before 𝑣2 in the
sequential order of M. It becomes negative, on the other hand, if the change occurs after 𝑣2 . This
rule, however, is reversed if 𝑣1 , 𝑣2 < 0. The example spectrum in Fig. 4.4, indicates that the
intensity changes (either increase or decrease) at bands A and C occur after B and D changes.
61

4.3

Theoretical Simulations
The following simulation was created in MATLAB using Gaussian functions. Fig. 4.5

shows the change in Gaussian amplitude, whereas Fig. 4.6 shows a frequency change.
Simultaneous frequency and amplitude change are common occurrences in such plots, the shapes
of the peaks of which can be drawn-out based on the two simulations below.

Figure 4.5

Amplitude shifts in Gaussian peaks visualized through synchronous (left) and
asynchronous (right) 2D contour plots

There are strong peaks along the self-correlation line (the diagonal line x=y, on which
variables correlate only with themselves This is expected of every synchronous 2DCOS because
the peak of the peak represents how in phase a particular data set is with another data set, and every
data soaks perfectly in phase with itself. Another peak represents the correlation between the two
Gaussian curves, the one on the top left expressing the correlation of the first curve to the second
and the bottom right expressing the correlation between the second curve and the first. It is
expected that these peaks be symmetric because in a synchronous 2DCOS, the order of the
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variables being correlated does not matter. Right side of Fig. 4.5 shows the asynchronous 2DCOS
of the same curves. There are no peaks along the self-correlation line because, in an asynchronous
2DCOS, the peak height represents how out of phase data are, and a data set cannot be out of phase
with itself. However, where this correlation between two different data sets, there can be peaks; in
this case, there are peaks in the upper left and the lower right, indicating that the data is somewhat
out of phase. Note that the upper left peak is positive, while the peak in the lower right is negative.
This indicates that the first peak is changing before the second peak, which in this case is not
changing.

Figure 4.6

Frequency shifts in Gaussian peaks visualized through synchronous (left) and
asynchronous (right) 2D contour plots

The second set of Gaussian curves is designed to demonstrate a frequency shift at a constant
intensity. The synchronous 2DCOS shows peaks in all the same spots as in the synchronous plot
in Fig. 4.5, but note that all the peaks, except the top right, have been smeared into an elliptical
shape. This indicates that at least one of the data sets is experiencing a frequency shift. The
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orientation of the ellipse can tell you which of the data sets is shifting. If the ellipse's major axis is
horizontal, it indicates that the data on the x-axis is shifting. If the major axis is vertical, it means
the data on the y-axis is shifting. If the angle is between vertical and horizontal, then both data sets
are experiencing a shift. You can determine which shift is more severe by looking at the angle of
the major axis. The peak at the lower left (along the self-correlation line) is angled at precisely 45
degrees from the x-axis. This is because the data on both the x- and y- axes represent the first peak
from. Thus, they are both shifting at precisely the same rate. It is also worth noting that by adding
intensity change in addition to the frequency change, the elliptical shape is distorted along the yaxis as a result of competition between those changes (not shown in this figure). The peak in the
upper left is angled perfectly horizontal. The correlation peak comes from the first, shifting peak
on the x-axis and the second, stationary peak on the y-axis. Thus, it is only smeared along the xaxis. The shape of the lower right peak is described through similar reasoning. The upper right
peak is a perfect circle because it is a representation of the self- correlation of the non-shifting
peak. The asynchronous plot (see the right plot in Fig. 4.6) shows a positive or a negative peak for
each of the synchronous plot peaks, excluding the one in the top right (again because it has no
shifting component). A positive asynchronous peak indicates that the data on the x-axis is leading
the data on the x-axis, and vice versa for a negative peak.
4.3.1

Method of Diagonal projection: 2D to 1D Correlation using the Normalized
Correlation Function
The one-dimensional correlation function used to investigate characteristic features of the

system is defined as below
(2)

𝐺I,I′ (∆𝑣) = 〈{𝐼(𝑣) . 𝐼 ′ (𝑣 − ∆𝑣)}〉
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(4.3)

This correlation function is introduced in the previous work by Ariunbold [94]. A simple
scaling factor could be employed sometimes enhances the spectral features. Example: Fine features
previously obscured by large variations of neighboring bands become more visible in the scaled
2D correlation spectra. It is also called normalized correlation function [133]–[135]. A fascinating
result introduced by Ariunbold and verified in the following section is the synchronous 2D map's
diagonal projection. By diagonal projection (or diagonal sum), it is simply meant the sum of on
and off elements along the diagonal. This projection yields the same results as the one-dimensional
correlation function defined above. To perform the aforementioned analysis, the raw data is
pretreated as before, and the following procedure is follows:
First, starting with our spectral intensities for ten perturbations, a matrix C is defined with
the dimensions A x B where A is the spectral intensity and B, or M denotes the number of columns
𝑠𝑦𝑛𝑐

attributed to concentration. Next, the synchronous function 𝛷𝐼,𝑃 (𝑣, 𝑣 ′ ), gives a two-dimensional
array multiplying the two discrete variables: intensity values throughout the ten columns and
averaging over the perturbative parameter (M or B). This new matrix attributed to the synchronous
spectra has the same dimensions A x B. It should be noted that the main diagonal elements contain
the spectral concentrations obtained from the recorded set of spectra, whereas off-diagonal
elements contain a correlation nature in the concentration. That being said, the diagonal projection
of the matrix defined above, i.e., a sum of matrix elements along on- and off-diagonal for the
synchronous correlations reduce 2D analysis into 1D analysis as follows:
Considering the matrix C (intensity X perturbations) elements and multiplying by
themselves, we obtain another matrix, each column of which is represented by the following
figure; however, intensities may vary. In the following example, the autocorrelation of the above
example with frequency shifted gaussian peaks is demonstrated.
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Figure 4.7

Dynamic spectrum of simulated Gaussian plots depicting frequency shifts

After obtaining the array discussed above (depicted in the plot above), it is divided into
two triangles on each side of the diagonal. The elements are added row-wise in each triangle
yielding a matrix with single dimension (lower plot of Fig. 4.10). The graph for the sum of upper
(left) and lower (right) triangle look as depicted in Fig. 4.8.

Figure 4.8

Sum of upper (left) and lower triangles of the spectrum
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When plotted, this single dimensional array gives the same results as obtained from the
definition of one-dimensional second-order correlation function defined above. This can be
visualized in the third dimension as the following mesh.

Figure 4.9

Diagonal projection of synchronous function (upper figure: mesh, lower figure: top
view)

The plot of the one-dimensional correlation function and the combined elements of the
diagonal sum can be seen below:
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Figure 4.10

The plot of correlation function (left) and the sum of diagonal elements of
synchronous plot (right)

Hence the two-dimensional analysis results of synchronous spectra were simply deduced
from the second-order correlation functional definition. The same approach is used to diagonally
sum the asynchronous 2D contour plot and compare it to the one-dimensional correlation function
definition for asynchronous plots.
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CHAPTER V
IMPLEMENTATION OF SECOND-ORDER CORRELATION SPECTROSCOPY
5.1

Introduction
This chapter encompasses the combination of the two second-order correlation analyses

briefed in the preceding chapter. The application of SOCOS experimentally was verified using a
traditional approach first in section 5.2. Here using wavenumber as the variable at which intensityintensity is correlated and concentration as the parameter to which coherently scattered responses
are analyzed, asymmetric shifts observed in the CARS, and CSRS (high and low energy) spectrum
as the concentration varies, are investigated. The varying water concentration is depictive of how
the vibrational responses change as the hydrogen molecules increase/decrease in the mixture.
Although second-order correlations have been employed in traditional Raman spectroscopy, this
chapter describes its novel application to coherent Raman spectroscopy. Following this, an
escalated dip in the dephasing time (or spectral broadening) at lower water concentrations has been
explained discretely via cooperative effect in section 5.4. After analyzing hydrogen bonding via
SOCOS, a generalized notation of the two analyses is presented that can be applied for multiple
variables and parameters governing the ongoing processes. As a practical example, the generalized
version of SOCOS is shown to distinguish resonant vs. non-resonant responses in the CARS signal
using probe spectral width as the perturbative parameter and probe time delay as the variable in
section 5.5. Diagonal directional sums are defined and used in both applications in the chapter as
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a tool that reduces both synchronous and asynchronous two-dimensional correlation spectroscopy
to one-dimensional plots, keeping the valuable analytical information.
5.2
5.2.1

Asymmetric Frequency Shifts in Hydrogen-bonded Pyridine-water Complexes
Background
Hydrogen-bonded mixtures with varying concentrations are a complicated networked

system that demand a detection technique with time and frequency resolutions. The ubiquitous
nature of hydrogen bonding in our surroundings, makes its study a vital topic. Not only the role of
hydrogen bonding plays in the properties of water itself [136] [137], it also is the backbone in the
interconnection of various biochemical interactions. Hydrogen bonding also helps enzymes bond
to substrate molecules, antibodies to antigens, and transcription factors to both DNA. One of the
most important is the connection of RNA and DNA to their purine counterparts through hydrogen
bonding [138], [139]. Pyrimidine forms the backbone of RNA and DNA and its structure closely
resembles that of pyrimidine, justifying our choice of sample and purpose [140], [141]. Pyridine–
water (Py-W) mixtures provide the perfect staging ground for studying hydrogen bonding. The
reorientation of pyridine is slow enough that the spectroscopic shifts rely solely on the vibrational
mode changes resulting from the hydrogen bonded Py-W complexes [180] - [181] . One of the
best ways to study hydrogen bonding is in Py-W mixtures by using vibrational spectroscopic
techniques because the reorientation of pyridine is so slow that it contributes nothing to the overall
spectral shifts. This means that any detected shift is necessarily a result of a change in the
vibrational mode due to hydrogen bonding [142]. On one hand, ordinary (incoherent) Raman
spectroscopic study provides data in frequency domain revealing spectral shifts observed. This can
be understood as a result of an ultrafast collective of pyridine molecules bound to water molecules.
Red shifts due to the hydrogen bonding, can be compared with the analyses obtained from density
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functional theory [144]. Vibrational dephasing times can be extracted from spectral profiles [142].
On the other hand, in coherent anti- Stokes Raman scattering (CARS) [2] spectroscopy, these
dephasing times can also be extracted by fitting the observed spectra. In multiplex (femtosecond)
time-resolved CARS[142], [145] the beatings due to unresolved ring modes observed and
separations of Raman peaks for the mixtures can be extracted, whereas in the interferometric
CARS [146] the ultra-precise measurement of Raman shifts can also be obtained in addition to
dephasing times. Hydrogen-bonded mixtures are a complicated networked system[87] that need
both time and frequency resolved detection technique. Simultaneous time and frequency resolved
detection in ultrafast CARS has been extensively reported [21], [36], [72], [74], [75], [147]–[150].
In particular, the combination of femtosecond excitation together with picosecond probing
technique (referred to as hybrid fs/ps CARS) was developed [52], [66]. The 105-fold enhancement
due to coherent excitation of the pyridine ring modes over standard incoherent Raman signal [51]
and detection of pyridine molecules in a gas at 30 ppm were demonstrated by this technique. The
theoretical and experimental works for simultaneous CARS and coherent Raman Stokes scattering
(CSRS) has been reported [46], [48], [74], [151], [152], and the fs/ps hybrid CARS technique has
been improved further by controlling asymmetry in the simultaneously recorded CARS and CSRS
spectra [94], [150] an offering a higher spectral resolution.
Raman spectroscopy occurs due to a molecular vibration causing a "change in
polarizability" of the molecule, therefore being an appropriate tool to investigate water's tectonic
behavior and its interaction in mixtures containing water and other molecules. Hydrogen bonding.
though, is one of the most abundantly found interactions in any form of bio-molecular systems,
yet its total understanding is still ambiguous and requires extensive testing and explanation [153]–
[156][157]. The Raman spectrum of water is mainly comprised of five sub-bands, which are
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located at 3014, 3226, 3432, 3572, and 3636 cm-1, and can be assigned to νDAA- OH, νDDAA-OH,
νDA-OH, νDDA-OH, and free OH symmetric stretching vibrations, respectively (D- donor, Aacceptor, OH- Oxygen Hydrogen)[149][158], [159]. This is another crucial reason for our choice
of water as the solvent for concentration dependence measurements since its characteristics do not
interfere with the pyridine mode peaks in our region. Since water does not affect the spectra in
even the most dilute concentration, coherent Raman scattering was an ideal technique to monitor
those changes [144], [160], [161]. Application of coherent Raman spectroscopy has been
previously employed in order to gain further understanding of hydrogen bonding [142], [146],
[162]. Since the scattered signal relies on the resonant excitation of a chosen frequency (by
choosing the pump), noise due to the spectrum of solvents such as water is further reduced [3].
Hybrid femtosecond/picosecond technique [74], [75] is ideal in order to retrieve background free,
spectrally resolved signals; in fact, the sensitivity of this technique was tested by Pestov et al. [51],
demonstrating 105-fold enhancement compared to spontaneous Raman signal. Concentrations like
30 ppm pyridine molecules in the gas phase was demonstrated by the same group [163]. However,
achieving high spectral resolution, effective noise removal, and sensitivity improvement are some
challenges that the CARS technique still faces in the effective extraction of features in a spectrum.
The study of complicated network systems such as pyridine-water mixtures calls for a new
approach to increase the existing techniques' resolution. In the following sections, we demonstrate
an improved hybrid fs/ps coherent Raman technique combined with higher-order correlation
functions in order to promote its resolution without losing sensitivity. Over recent years higherorder correlation functions have been employed to study complex spectral structures [164]–
[167][168]. For example, protein dynamics and food research where often overlapping bands are
incurred; were resolved using 2D correlation analysis combined with traditional spectroscopy
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[116], [168], [169]. Hydrogen bonding has also been investigated using 2DCOS analysis before in
varied applications [170]–[172]. Spontaneous Stokes and anti-Stokes Raman spectrum have been
investigated simultaneously for different systems [173], and 2DCOS for ordinary (incoherent)
Raman scattering has also been extensively studied [96], [97], [174].

Despite that, its

straightforward implementation in CARS spectroscopy has not been studied until recently [94].
Noise fluctuation has also been used as an additional variable in order to achieve higher spectral
resolution before [24], and its straightforward extension to a study cross-correlation between
coherent anti-Stokes and Stokes Raman spectra [36], [75] was demonstrated by Ariunbold defining
a new second-order correlation function in the frequency domain as follows
(2)

𝐺𝐶𝐴𝑅𝑆,𝐶𝑆𝑅𝑆′ (Δ𝑣) = {𝛿𝐼𝐶𝐴𝑅𝑆 (𝑣). 𝛿𝐼𝐶𝑆𝑅𝑆 (𝑣 − Δ𝑣)}

(5.1)

where δICARS(ν) and δI CSRS (ν −∆ν) are the spectral intensity variations for the coherent anti-Stokes
and Stokes Raman scattering (CARS/CSRS) at frequency ν and ∆ν = ν 2 − |ν1| is a difference
between the CSRS (ν2) and CARS(|ν1|) shifts. On one hand, to our knowledge, the straightforward
applications of 2DCOS in coherent anti-Stokes and Stokes Raman correlation spectroscopy have
not been demonstrated yet. On the other hand, the traditional second-order correlation function
defined either in time or space domain has been commonly used in both classical and quantum
optics [7], [175]–[177]. One of many advantages of the present CARS/CSRS cross-correlation
spectroscopy is that it has no fluorescence contamination, which is often a big issue in ordinary
Raman spectroscopy. In the present experiment using concentration as variable, both CARS and
CSRS (coherent Stokes Raman scattering) spectra that have improved capability compared to
spontaneous Raman spectra are detected simultaneously. These spectrums are used to study cross
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and autocorrelations of CARS and CSRS employing two-dimensional correlation spectroscopy, in
conjunction with one-dimensional correlation function in frequency domain.
5.3

Experimental Setup and Data Procurement
The schematics of the CARS setup (explained in section 3.5) with adjustments to the

current experiment, can be seen in Fig. 5.1.

Figure 5.1

Experimental arrangement of simultaneous CARS and CSRS signal procurement
of pyridine water mixtures

Pyridine solution with 99.8% purity purchased from sigma Aldrich is diluted using distilled
water with a high precision micropipette (VWR Inc.). Ten different samples are created with an
evenly decreasing concentration of pyridine (100% to 10%). Integration time used is 0.2 seconds
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with an average of over 10 data sets at 3 different time delays (2ps, 3.4 ps, and 4 ps). The probe
pulse had a duration of about 3 ps with approximately a sinc2 shape having the first node at 3.4ps
delay. The signal obtained from these mixtures contained an undesired four wave mixing signal
when all three pulses arrived simultaneously; however, this background first increases and then
exponentially diminished by delaying the probe pulse in picoseconds. This FWM reduction theory
has been extensively studied and proved in previous sections of this dissertation. For this particular
experiment, the background is drastically removed by delaying the probe pulse by 3.4 picoseconds.
At this delay, the maximum count for CARs signal is observed greater than 70000 counts with
probe power of 1 mW. Although this shows the extent to which the signal is enhanced in the
coherent Raman set-up, due to the usage of imperfect notch filters used, the unblocked probe beam
tended to saturate; hence, the probe beam power is reduced to a range of nanowatts and CARS and
CSRS signals are analyzed in the range of 300 counts. The pump beam wavelength is adjusted
inside the NOPA to maximize the frequency shift effects in both coherent Stokes and anti-Stokes
region of the spectra obtained from pyridine water mixtures. In order to do that a center wavelength
of 915 nm is chosen, which corresponded to a region in between the two peaks of pyridine. (ring
breathing mode: 992 cm-1 and ring bending mode 1031 cm-1). This arrangement also favors the
frequency shifts seen due to hydrogen bonding in the mixtures as the excitation is not perfectly
current with either of the modes of pyridine but in between them. All three beams are collinear
and recombined in a spatio-temporal manner on the sample after which the CARS and CSRS data
are acquired simultaneously by a spectrograph and EMCCD.
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Table 5.1

Beam Parameters
Beams

Wavelength

Power

Bandwidth

Pulse duration

(nm)

5.3.1

Figure 5.2

Pump

915

40 mW

40nm

50 fs

Stokes

1035

100 mW

5nm

240 fs

Probe

520

nanowatt

1nm

3 ps

Asymmetric Shifts in CARS and CSRS Spectrum with Concentration Change

The CARS (left) and CSRS (right) spectra are shown at differing concentration
levels of water in pyridine at 3.4 ps delay of the probe pulse relative to the molecular
coherence excitation with a 1035 nm Stokes and 915 nm pump broadband pulses.
The range goes from pure pyridine (bottom) to 90% water and 10% pyridine (top)
in 10% increments. The bars represent estimated contributions of different pyridine
water complexes fitted by several Gaussian functions (red curves)

Reprinted with permission from [150]
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In Fig. 5.2, the average and normalized (with respect to the highest peak in the spectra)
CARS (left) and CSRS (right) spectrums are shown with increasing pyridine concentration
(bottom to top) at 3.4 ps delay (time delay at which FWM contamination is most diminished).
Even though the CARS and CSRS spectra of the mixtures are obtained simultaneously, it is shown
separately in order to clearly differentiate the changes in them. The x-axis showing wavenumbers
was chosen as symmetric as possible for both CARS and CSRS with the intention to be able to see
the cross-correlation between them distinctly. Modulus of the blue shifts are used in the twodimensional correlation analysis in the following section. It can be seen in Fig. 5.2, that for pure
pyridine (no dilution), the Stokes and anti-Stokes shifts are coinciding, indicating that the
asymmetrical shifts seen in the diluted sample spectra are due to the pyridine water complexes.
When water is mixed with pyridine, it forms complexes that can be written in a notation as PynWm,
where n and m denote the number of each molecule present in the mixtures. Py1W1, Py2W1, Py1W2
are some of the pyridine water complexes that can be found in the literature[87], [144], [161]. In
our data, as shown in Fig 5.2, for 100% pyridine, the pairs of peaks are at v1 and v12, and the CARS
signal further experienced a blue shift, while the CSRS signal experienced a red shift more as water
was added to the Py-W mixture. Analogous to the two peaks of pure pyridine that are attributed to
ring breathing and ring bending mode, the PyW complexes also have a specific ring breathing and
ring bending mode, and the frequency shift observed does not actually change in the vibrational
mode of a complex but only the change in the intensity of that particular mode [88]. Like above,
there are various theories developed to explain these complexes' behavior, one of which being the
density functional theory, which states that at the occurrence of particular complexes of pyridine
in a mixture depends on the constituent variation in it. Which further implies that as the
concentration changes, the dominant mode would be creating an appearance of frequency shift.
77

E.g. Comparing to no apparent shifts seen in the 𝑣12 mode , shifts corresponding to Py2W, PyW,
PyW2, and PyW3 for 𝑣1 were approximated by Schlu ̈cker et al. as 8,10,13, and 18 cm-1
respectively [144].
For our instrument, the offset in the spectrograph calibration is measured to be < 2cm-1 or
1 pixel (see, calibration in section 3.2.7.1). The reason of this offset can be ascribed to conversion
from wavelength to wavenumber, which could reflect differently in the different regions (CARS
and CSRS). In order to see the CARS and CSRS spectrum simultaneously a 600 grooves per mm
grating optimized for 500 nm wavelength, within the spectral resolution of 0.13nm is used. Results
from 10% pyridine in water in Fig. 5.2, show that the blue shifts in CARS spectra are about 13 and
4 cm-1, respectively, while redshifts in CSRS are 10 and 4 cm-1, respectively. Taking our
spectrograph offset into account, these shifts, especially for the lowest pyridine concentration, do
not stand out substantially. Therefore, it is safe to assume that the shifts that are observed in the
data were only due to the leftover FWM contamination in the signal of CARS and CSRS procured.
That being stated, the relative variation in intensity observed that is observed in Fig. 5.2 can be
explained using the density functional theory that imputes this intensity ratio change between two
peaks on the complex being formed. To avoid complexity, only contributions of Py-W complexes
and Py are considered Gaussian fitting to separate the contributions of different complexes. For
10% pyridine concentration as observed by Schlu ̈cker et al., the largest shift in the peaks can be
seen, which were most likely due to Py-W but no substantial shift from pyridine peak alone.
Rigorous calculations are required to extract the exact contribution from different complexes using
DFT; however, a decent attempt to quantify these contributions can be seen in terms of bars (solid
red) in the graphs of Fig. 5.2. In order to find these, four different Gaussian peaks corresponding
to each vibrational mode of the pure pyridine and one for each vibrational mode of the pyridine78

water complex (PynWm or PykWq) are fitted into the spectrum. MATLAB software is used to
uncover the lease square method to find coefficients representing the contribution of each Gaussian
fit (widths of the fitted Gaussian function were kept constant). It has been pointed out in Zoidis et
al. [32] that the networked hydrogen-bonded contributions rather than a set of discrete complexes,
play a role in the Py-W system. Nevertheless, in the present study framework, the approximation
mentioned above is satisfactory, as demonstrated by the correlation analysis in the following
section.
5.3.2

SOCOS for CARS versus CSRS
The theoretical description of the two-dimensional correlation analysis has been given in

section 4.2.2. The conventional definitions of synchronous and asynchronous functions are tailored
to this chapters use and can be seen below. One of the main benefits of 2DCOS analysis is
visualizing the observed asymmetry between and two spectral responses. In the literature, when
two different types of probing methods are correlated, its analysis is coined the name “heterospectral 2DCOS analysis” [178], [179]. In the current work, we adopt a similar approach to
correlate the observed irregularity in the frequency and intensity of CARS and CSRS spectra
obtained simultaneously from pyridine with concentration as the variable. Although the CARS and
CSRS spectra are collected at the same time, the spectrum is processed after division into the
Stokes and anti-Stokes regions. These spectrum regions (CARS and CSRS) are two independent
variables used to form a plane (x,y), and the intensity of spectral responses is used as the third
variable perpendicular to this plane (z). In the pretreatment of the data, not only is the constant
background removed from each raw spectrum to avoid the isosbestic effect, it is essential to note
that the FWM contamination was also significantly diminished (by choice of probe delay). These
two factors enable us to adopt 2DCOS for the pretreated data directly. Moreover, only a few
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selected peaks are enhanced, and other ordinary Raman peaks (including the peaks for water
molecules) are dwarfed, making 2DCOS plots simple and easy to interpret. The x- or y-axis is
either Stokes or the modulus of anti- Stokes Raman frequency to ensure that CSRS and CARS
spectra coincide in the case of pure pyridine. Definition of synchronous and asynchronous function
in the frequency domain are defined as follows
1

𝑠𝑦𝑛𝑐

′ ′
𝛷𝐼,𝑃 (𝑣, 𝑣 ′ ) = {𝐼(𝑣). 𝐼 ′ (𝑣 ′ )} = 𝑀 ∑𝑀
𝑗=1 𝐼𝑗 (𝑣). 𝐼𝑗 (𝑣 )
𝑎𝑠𝑦𝑛𝑐

𝛹𝐼,𝐼′

1

𝑀
′
′
(𝑣, 𝑣 ′ ) = 𝑀 ∑𝑀
𝑗=1 𝐼𝑗 (𝑣) . ∑𝑘=1 𝑁𝑗𝑘 . 𝐼 𝑘 (𝑣 )

(5.2)
(5.3)

where 𝑁𝑗𝑘 are the discrete Hilbert-Noda transformation matrix elements defined as in Eq.
(5.12). Stokes Raman scattering and/or CSRS intensities 𝐼(𝑣) and 𝐼′(𝑣′) are defined as functions
of frequency 𝑣 and 𝑣 ′ , e.g., |𝑣𝐴 |, 𝑣𝑠 and ∆𝑣 = |𝑣𝐴 | − 𝑣𝑠 are anti-Stokes, Stokes Raman shifts,
and their difference, respectively. For correlation function Y, {Y} stands for averaging by
external parameter (in this work, it is concentration variation) as {𝑌} =

1
𝑀

∑𝑀
𝑗=1 𝑌𝑖 where M is 10

(from 100% to 10% for pyridine with 10% increment of pyridine concentration). Subsequently,
the normalized second-order correlation function for frequency domain is defined as Eq. (4.3)
(2)

𝐺I,I′ (∆𝑣) = 〈{𝐼(𝑣) . 𝐼 ′ (𝑣 − ∆𝑣)}〉

(4.3)

where I (ν) and I’ (ν −∆ν) are the spectral intensity variations for the coherent anti-Stokes and
Stokes Raman scattering (CARS/CSRS) at frequency ν.
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5.3.3

Results for Synchronous/ Asynchronous Auto and Cross-correlation of CARSCSRS

Figure 5.3

The contour plots for CARS/CARS autocorrelation are shown in the top row where
(a) is synchronous as in Eq. 5.2 and (b) is asynchronous as in Eq. 5.3. (c, d) The
corresponding theoretical models. (e, f) The synchronous and asynchronous plots
for CSRS/CSRS autocorrelation; (g, h) the theoretical models. (i, j) The synchronous
and asynchronous plots for the CARS (x-axis)/CSRS (y-axis) cross-correlation; (k,
l) the theoretical models. Color codes: the dark red and white colors represent
maximum (0.46 or 0.07) and minimum values (0 or 0.07), respectively. For
synchronous plots, zero is the minimum (white color); for asynchronous plots, zero
is the middle value in the region between negative (white 0.07) and positive (dark
red 0.07) maxima. Probe delay time is 3.4 ps

(Reprinted with permission from [76])
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Figure 5.3 shows the auto (first two rows: a-d and e-f) and cross (last/third row:j-i)
correlation of CARS and CSRS spectrum of pyridine concentration results at 3.4 ps delay. At this
delay, synchronous 2DCOS data for both CARS and CSRS are the symmetric indicating no FWM
contamination as expected. The first two columns show the experimental results complemented
by their theoretical simulated correlations in the last two columns. The theoretical data is obtained
𝑠𝑦𝑛𝑐
using Gaussian fits for the autocorrelation of CARS and CSRS (𝛷𝐴,𝐴 (|𝑣𝐴 |, |𝑣𝐴′ |) and
𝑠𝑦𝑛𝑐
𝑠𝑦𝑛𝑐
𝛷𝑆,𝑆 (𝑣𝑆 , 𝑣𝑆′ ) and cross correlation of CARS/CSRS (𝛷𝐴,𝐴 (|𝑣𝐴 |, 𝑣𝑆 )). By referring to the

discussion in the section above (5.4), it can be evidently seen that, in the synchronous
autocorrelation of CARS (a and c), there is a frequency shift seen in the smearing of the diagonal
elliptical peaks. These plots show that the overall frequency shift experienced by peak 𝑣1 is more
significant than the shifts for 𝑣12 , with increasing pyridine concentration. The asynchronous
autocorrelations (b and d) that show the sequential change also exhibit a butterfly shape (as
explained in section 3.2.2), which shows that with increasing pyridine concentration changes
experienced by the system are reflected in 𝑣1 peak before they can be seen in 𝑣12 . The second
row shows the synchronous and asynchronous autocorrelation data for CSRS where a similar trend
of shifts in the peaks are observed. The third row contains the most interesting and revealing plots
for CARS/ CSRS cross-correlation, where the blue shift is the x-axis and the red shift is the y-axis.
Because of their intensity (also width) rather than spectral shift variations, CARS/CSRS crosscorrelations are non-zero (not plain flat).

82

Figure 5.4

The synchronous 2DCOS contour plots for autocorrelation of CARS: first column,
CSRS: second column and their cross-correlation: third column for three delays of
the probe pulse (2 ps: top row, 3.4 ps: middle row and 4 ps: last row)

(Reprinted with permission from [150])

Figure 5.4 shows the experimental results of the autocorrelations of CARS/CARS (column
1), CSRS/CSRS (column 2), and cross-correlation of CARS/CSRS (column 3). The correlation
contours are plotted for three different time delays of the probe pulse (2 ps: top row, 3.4 ps: middle
row, 4ps: bottom row). The corresponding asynchronous 2DCOS results are not relevant to the
present discussion; hence, can be found in the Appendix section. It can be seen in both synchronous
and asynchronous results that at 2 ps delay of the probe, the FWM contamination of the Py-W
83

complex exhibits strong asymmetry, while it gradually disappears as the probe pulse is further
delayed. At the first node position of 3.4 ps (second row), and longer delay at 4 ps (third row), the
contour maps exhibit results which are almost identical confirming that: (1) data are reproducible;
(2) there is no interference effect between the two ring modes; and (3) there is negligible
contamination from the FWM background.
5.3.4

One-dimensional Correlation Function for CARS/CSRS

Figure 5.5

One-dimensional auto (blue: CARS, red: CSRS) and cross (black) correlation plots
using Eq. (5.10) for three different probe delays

(Reprinted with permission from [150])

The results in Fig. 5.5 show the one-dimensional auto (blue: CARS and red: CSRS) crosscorrelations functions at three different time delays (three rows). These functions are defined as
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(2)

(2)

(2)

𝐺𝐴,𝐴 , 𝐺𝑆,𝑆 and 𝐺𝐴,𝑆 respectively using Eq. (4.3). Autocorrelations are symmetric by definition and
exhibit three peaks. Maxima of the side peaks are at about ±34 cm-1 from the center. This number
is a little lower than expected, compared to the peak separation between the two peaks of pyridine
(±39 cm-1). This difference can be attributed to the fact that there is a considerable averaging
performed on the overall shifts for various complexes. At 2 ps, the asymmetry between the width
(2)

(2)

of the side peaks of 𝐺𝐴,𝐴 , and 𝐺𝑆,𝑆 (along with slightly shifted middle peak), which demonstrate
the asymmetry between blue and red shifts can be clearly seen to gradually disappear as probe is
delayed.
5.4

Ultrafast Dephasing in Hydrogen-bonded Pyridine-water Mixtures
In this work, the ring modes’ dephasing times and broadening were measured and analyzed

for varied concentrated pyridine in water. Particular interest is dedicated to the higher pyridine
concentration in water in context with collective emission phenomenon. This section has been
adapted from [180].
5.4.1

Methods and Data Analysis
For this experiment the probe delay stage is varied between -2 ps and 8 ps with an

increment of 13 fs. At the -2 ps delay the probe pulse strikes the sample 2 ps before the arrival of
the pump and Stokes pulses. While at 8 ps delay, the probe pulse strikes the sample 8 ps after the
pump and Stokes pulses. At each delay increment 30 spectral responses are procured by an
EMCCD with a spectrograph (Andor) and averaged with each sample having an integration time
of 0.2 s. This procedure is repeated for every volume concentration of pyridine in water. To plot
the data, the following steps are followed: (i) A background count of 300 is subtracted and then
the linear scale is converted into logarithmic scale, where the exponential function with a certain
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dephasing time, gets converted into a slope which can be measured; (ii) Normalization was then
performed against the highest peak in each mixture; (iii) The data was truncated at 1.5 ps for 18
cm-1 probe pulse width (or 3.4 ps for 10 cm-1 probe pulse width), discarding the rest of the data
from -2 ps to this particular delay time. Delay time of 1.5 ps and 3.4 ps are selected because these
are the node positions for the two selected probe width profiles and the said truncation is performed
because in this region data is irrelevant for current investigation.
5.4.2

Results

Figure 5.6

Mirror images of coherent anti-Stokes (top row in each set) and Stokes Raman
(bottom row in each set) signals as functions of probe pulse delay for pyridine
concentrations from 10 to 90 % in water with pure pyridine (far left) for
comparison with probe width as 18 cm-1
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Figure 5.7

Mirror images of coherent anti-Stokes (top row in each set) and Stokes Raman
(bottom row in each set) signals as functions of probe pulse delay for pyridine
concentrations from 10 to 90 % in water with pure pyridine (far left) for
comparison with probe width as 10cm-1

(Fig. 5.6 and 5.7 are reprinted with permission from [180])

Figure 5.6 and 5.7 are a spectral representation of CARS and CSRS data for dephasing
time along with FWHM versus probe pulse delay for different concentration of pyridine water
mixtures. These are plotted after the treatment of data as described in the preceding section.
In addition to the pretreatment, since four wave mixing plays an important role in the
aforementioned truncated region; for clarity on both symmetric and asymmetric aspect of CARS
and CSRS (CARS on top and CSRS on bottom), these are plotted in a mirrored fashion
respectively. The peaks showed a clear shift with concentration, starting from initial position of
992 cm-1 (𝑣1 ) and 1031 cm-1 (𝑣12 ) for 100% concentration of pyridine (pure pyridine). The
pyridine peaks are 39cm-1 apart and hence with a probe pulse with FWHM of 18 cm-1, a clear
87

spectral resolution was observed as expected. However, some blurring was observed because of
the low intensity of the probe, which resulted in creation of beating phenomenon. The clear shift
in beating frequency can be seen due to change in concentration. On the other hand, no beating
was observed for a probe pulse width of 10 cm 1, which is sufficiently narrow to resolve the two
characteristic peaks of pyridine.

Figure 5.8

Macroscopic coherence dephasing (in logarithmic scale) as a function of probe
delay for ν1 (linear fit: magenta lines) and ν12 (linear fit: green lines) peaks for
100% pyridine, 90% and 10% pyridine in water. The CARS and CSRS data are
shown in blue and red colors, respectively. The values of dephasing times (Td ) are
noted in each figure. Left (right) column are for probe pulse with 18 cm−1 (10
cm−1) width

(Reprinted with permission from [180])
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Figure 5.8 displays the data for 100%, 90% and 10% pyridine in water, giving a
macroscopic coherence dephasing versus pulse probe delays, corresponding to 𝑣1 and 𝑣12 . Blue
and red colors represent the CARS and CSRS data, whereas magenta and green lines show the
fittings for 𝑣1 and 𝑣12 respectively. Some noise can be seen for the plots corresponding to 10 cm-1
probe pulse width. Since only an average of 10 samples was taken, and thus 40 to 60% 𝑣12 peaks
were weak. On the whole, the dephasing times for CARS and CSRS signals were found to be the
same. With a slight shift of 0.2 ps between CARS and CSRS, whereas the dephasing rates, were
found to be the same for both probe pulses. An exception for 60% and 30% mixtures was also
observed, where the dephasing times were found to be different. From the data it was found, that
at lower concentration, the beating periods (Tp) for CARS and CSRS show a difference whereas
for pure pyridine in higher concentration no difference was found. Tp for pure pyridine was found
to be 0.85 ps (~corresponding to 39 cm-1 between the two ring modes) and is 0.97 ps (~34 cm-1 for
90% pyridine mixture). The peaks are actually shifting in the same direction, but 𝑣1 ′ is shifting
faster thus bringing both the peaks together by ~7 cm-1 (this is also reflected in the two-dimensional
correlation analysis in the preceding section). For 10% concentration CARS and CSRS beating
period were 1.05 and 0.99 ps respectively. (~ corresponding to 32cm-1 and 34 cm-1 respectively).
The error bars were found to be less than ±0.1 ps and ±0.02 ps for dephasing times’ and beating
periods respectively.
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Figure 5.9

Dephasing times in picoseconds for the ν1 and ν12 modes for CARS at various
volume concentrations of pyridine in water (blue curves) and FWHM in
wavenumber for these modes at 1.5 ps and 3.4 ps delay times for probe pulses with
18 and 10 cm−1 widths, respectively

(Reprinted with permission from [180])

Figure 5.9 gives the dephasing times for 𝑣1 and 𝑣12 for CARS results, for different
concentrations, along with FWHM broadening. The dephasing times for 𝑣1 mode, obtained from
Fourier transform of ordinary Raman spectra are already available and are consistent with the
present results up to a factor 2 as shown in Fig 5.9. However, in the present work, the dephasing
time 𝑣12 mode was found to shift from 2 ps (for pure pyridine) down to 1.4 ps (for 90%) and back
to 2 ps gradually for further decrease in concentration. This is not the same trend as reported before
and shall be explained later by the collective emission phenomenon.
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Figure 5.10

Normalized CARS spectra for ring bending mode of vibration

(Reprinted with permission from [180])

Figure 5.10 shows the normalized spectra for peak 𝑣12 or the ring bending mode of
pyridine. A peak broadening can be prominently seen to be more at 90% concentration as compare
to 100% or 10% values. Exceptions in this data exists due to weak signal for some concentrations
(60%, 50% and 40%), excited with probe pulse of 10 cm-1, where FWHM is found to be large.
Same is the case with 𝑣1 peak (red curves: Fig. 5.9), where the CSRS curves give additional
broadening and which is not again consistent with CARS data (Fig 5.9). It is to be noted that with
decrease in concentration, there is a change in Py-W stoichiometry, ie, Py1-W1, Py1-W2 and PY1W3 are more common as compared to PY2-W1 molecules as concentration decreases. Hence for
80 or 90% concentration, Py2-W1 in addition to pure pyridine are available, which is the main
reason for selective excitation of pyridine ring modes but not the ones for water. Hence there is an
appearance of collective emissions, from pairs of pyridine molecules, excited in phase and which
is the key characteristic measure of the collective effect. The same is observed in the present work,
and which also is the main result. Although the present system is not a two-level atomic system,
still the results are valid because of an analogy between coherent Raman scattering for multilevel
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systems and standard collective emission from two-level coherently prepared system. To explain
the trends of present results, once can relate to the theory of collective-emission, governed by
dipole-dipole interactions of two-state atoms. If ℘1 and ℘2 are dipole moments of two molecules
of phases 𝜙1 and 𝜙2 , respectively, then the effective dipole moment of the ensemble of this system,
can be written as [180]
℘𝑒𝑓𝑓 = (℘1 𝑒 𝑖𝜙1 + ℘2 𝑒 𝑖𝜙2 )/√2

(5.4)

Considering only the 𝑣12 mode, in the present system of pairs of molecules has been
simplified into a three-level system, and only the pyridine ensemble is assumed to be excited
effectively (though hydrogen bonding perturbations exist). The broadening observed totally
depends on the randomly perturbed pump and Stokes fields and these fields interacting with
phonons (ring modes) and water molecules. Hence the strength of interaction depends on the ℘𝑒𝑓𝑓 .
As long as the emission (or decay) time is much shorter from the spontaneous decay from
independent molecules, a collective emission pulse is observed from the ensembles when excited
by a laser to its phased coherent superposition of two states. Thus, for alkali molecules, the data is
available for picosecond collective emissions when excited by femtosecond laser pulses. If the
sapid dipoles (℘1 and ℘2 ) are far apart (meaning individual molecules) then the effective dipole
moment is given by [180]
|℘𝑒𝑓𝑓 |2 𝜙

1 𝜙2

= (|℘1 |2 + |℘2 |2 )/2 = |℘1 |2

(5.5)

This is because the average of random relative phases of the molecules have to be taken
into consideration. In this case individual molecules are responsible for the broadening and
coupling with pump and Stokes beams. However, with the case when molecules are close by, the
phases (𝜙1 and 𝜙2 ) are considered as same (𝜙1 ~𝜙2 ), the condition being that the distance between
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them is less than the wavelength range of the field (they are bound together by invisible H2O
molecules.) Similar is the case of two dye molecules which are placed close to a nanoparticle,
whose collective emission is due to two transitions, namely, sub-radiant and super-radiant states
that give rise to bi-exponential decays. Here the dipole gets doubled due to the two phases 𝜙1 and
𝜙2 being in phase and can be given as [180]
|℘𝑒𝑓𝑓 |2 𝜙

1 𝜙2

= 2|℘1 |2

(5.6)

This leads to an emission which is two times faster. Hence the main reason for enhancement of
CARS/ CSRS signals is the coherence of dipoles of two molecules.
5.4.3

Conclusion and Future Work
In conclusion, using the concentration variable in traditional two-dimensional

spectroscopic analysis in conjunction a hybrid fs/ps coherent Raman spectroscopic technique, the
complex nature of hydrogen bonding was investigated. Asymmetry in coherent Stokes and antiStokes Raman features was analyzed in-depth, utilizing a newly defined one-dimensional
correlation function. This asymmetry is measured as a result of the generated background of the
nonlinear optical processes of Py-W complexes. The strong asymmetry was observed at the shorter
delay where FWM contamination is still present. Cross-correlation of CARS versus CSRS
processes provided pivotal visualizations. Faster dephasing time for higher concentration of
pyridine was explained with an analogy to cooperative effect in ensembles of molecules. For future
work, better grating (for higher spectral resolution) can be used, but only for a limited frequency
range. As an extension of this work, the diagonal projection of the asynchronous plot is validated
with another definition of a one-dimensional correlation function as in Chapter V. In addition to
that, a degree of freedom in the terms of choice of variables can be used to study two-dimensional
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relations. E.g., instead of just being restricted to the frequency domain, other variable parameters
can be correlated as has been studied in the following sections.
5.5
5.5.1

Prediction of a novel method to distinguish resonant versus non-resonant nonlinear
optical processes by intensity-intensity correlation analyses
Background
This section aims a give an insightful introduction of new variables and parameters apart

from the ones used in traditional correlational analyses that will be used in future to describe the
association between the one-dimensional and two-dimensional correlated intensities in order to
investigate complex processes. Both (one- and two-dimensional) intensity correlations have
individually shown the capacity to improve the spectroscopic techniques in distinct ways in
previous work. However, the future work based on the prediction here will demonstrate the
exacting utility of two-dimensional correlations in conjunction with one-dimensional correlations
utilizing new (generalized) variables to segregate resonant vs. nonresonant signals in a four-wave
mixing process.
In the last three decades, significant progress has been demonstrated in developing 2DCOS
as an analytical tool to enhance and reveal the synchronously and asynchronously correlated
features on 2D contour maps. The technique has been repeatedly updated according to the
particular phenomenon under investigation [182]–[189]. The 2DCOS method has been extensively
adopted to incoherent Raman scattering processes but rarely used for coherent Raman processes.
Ariunbold applied the 2DCOS technique to the coherent anti-Stokes and Stokes Raman scattering
(CARS/CSRS) spectroscopy for studies of noise correlation [94] and hydrogen bonding in
pyridine-water mixtures as shown in section 5.3.4. The previous work shows promising results of
employing second-order correlated intensities to investigate a system's responses to convoluted
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spectroscopic methods such as the coherent Raman spectroscopy. That being said, in this work,
the dependence of a background-free CARS signal generation on an untraditional perturbation is
being proposed. In Chapter 2, the so-called deferred CARS buildup was observed and later verified
experimentally in Chapter 3. Studying how the signal gradually builds up as a probe pulse is
delayed with respect to pump and Stokes arrivals and how this deferral can be controlled via laser
pulse shaping is the motivation behind this section and the following future work. Exact closedform solutions for non-resonant 𝑃𝑁𝑅 (𝜔, 𝜏), resonant 𝑃𝑅 (𝜔, 𝜏) responses for nonlinear four wave
mixing processes and the CARS buildup time delay equation is given as following
(3)

𝑃𝑁𝑅 (ω, 𝜏, ∆𝜔𝑝𝑟 ) = c0EpES*Epr
(3)

∆𝜔𝑝 ∆𝜔𝑠 ∆𝜔𝑝𝑟
𝑊

𝜏2

× exp (− 2𝑡 2 −
𝑁𝑅

(−𝑖)

(3)

𝑃𝑅 (ω,𝜏, ∆𝜔𝑝𝑟 ) =𝑃𝑁𝑅 (ω, 𝜏) 𝛥𝜔

𝑁𝑅

2ln2𝛿 2
𝑊2

∑𝑁
𝑗=1 𝑐𝐽 F (𝜁𝑗 )

+𝑖

2
𝜏𝛿∆𝜔𝑝𝑟

𝑊2

)

(2.25)
(2.26)

2

Γ𝑗 √4ln2
1
√4ln2
τ𝑗 =
(
)+ (
)
𝑎Γ𝑗 /Δωpr + 𝑏 ∆ω𝑁𝑅
2 ∆ω𝑁𝑅

(2.27)

Parameters in the equations above have been discussed in section 2.4.2. It is apparent that
the intensity of the nonresonant and resonant processes can be given by 𝑰(𝜔, 𝜏, ∆𝜔𝑝𝑟 ) =
2

2

|𝑃𝑁𝑅 (𝜔, 𝜏, ∆𝜔𝑝𝑟 )| and 𝑰(𝜔, 𝜏, ∆𝜔𝑝𝑟 ) = |𝑃𝑅 (𝜔, 𝜏, ∆𝜔𝑝𝑟 )| respectively with dependence on an
additional parameter, ie, the probe spectral width or ∆𝜔𝑝𝑟 . The following image was plotted in
MATLAB considering theoretically simulated contributions of NR and resonant processes only.
The plots show superimposed spectra of intensities for different probe spectral widths and is
explained ahead.
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Figure 5.11

Intensities calculated from Eq. (2.25) (first column) and Eq. (2.26) (middle
column) as functions of probe time delay. Intensity trend for resonant (yellow
curve) and non-resonant (purple curve) processes in log scale (last column).

The figure above shows the intensity versus time delay plots of resonant and nonresonant
signal with varying probe widths in the first two columns. The third column however shows the
rate of decrease of the intensities of the two signals as the probe with is changing in logarithmic
scale. The figure in the first column was plotted using the spectral intensities of the signals non2

resonant contribution term |𝑃𝑁𝑅 (𝜔, 𝜏, ∆𝜔𝑝𝑟 )| at different spectral bandwidth of the probe.
Without taking into account the interference terms, the pure resonant signals for changing probe
2

widths are plotted in second column using |𝑃𝑅 (𝜔, 𝜏, ∆𝜔𝑝𝑟 )| where a shift in the peak position is
observed, i.e., showing the buildup time as probe width gets narrow, for solely resonant signals as
compared to non-resonant signals as probe time is delayed. Compared to non-resonant signals, the
resonant signals are asymmetric about zero temporal delays of the probe. The resonant responses
also become maximal at some positive probe delay and decrease at more considerable delays with
a decay rate determined by the dephasing time of molecular oscillations rather than the probe pulse
profile.
An all-Gaussian pulse model used results in the output signal, which is also a Gaussian in
the first column. Maximum FWHM and min FWHM of the curves seen were 3.04 ps for probe
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width 10 cm-1and 0.58 ps for probe width ~50 cm-1, which shows that width is in temporal FWHM
is decreasing as probe pulse duration increases. In the second column the resonant signal peaks at
0.7 ps for broadest probe width (50 cm-1) but as the probe width gets narrower the maximum
buildup time delay is found to be 2.25 ps for 10 cm-1 probe width. This shift in the CARS maximum
signal is coined the term deferred CARS buildup and is in the process of being investigated via
1D/2DCOS analyses.
The third column is a logarithmic plot showing the intensity change difference in the local
maxima of the isolated resonant and non-resonant contributions to the CARS signal to changing
probe width. The non-resonant curve shows a faster decay as compared to the resonant signal. The
maximum difference in the intensities of the resonant and non-resonant contribution for the probe
width range shown here can be approximated to 1 order.
5.5.2

Ongoing and Future Work
From the above discussion, it is safe to conclude that the best spectral contrast between the

two contributions into the nonlinear response and the suppression of the NR background without
a noticeable effect on the resonant signal peak intensity can be controlled by the probe width
remotely. Building further on this fact, two-dimensional correlation analysis is currently being
employed using probe pulse spectral width as perturbative parameter (compared to the
concentration in section 5.3.3) and probe pulse time delay as the variable (instead of traditional
frequency). The synchronous and asynchronous functions (Φ(𝑥𝑖 , 𝑥𝑗 ) and Ψ(𝑥𝑖 , 𝑥𝑗 )) are defined for a
general domain and used to segregate resonant versus non-resonant signals successfully (where 𝑥𝑖𝑗
represents probe pulse delay with respect of arrival of the two preparation pulses). This separation
is essential for clean chemical imaging in the future, hence employing 1D/2DCOS shows
promising results. In addition to the diagonal sum or diagonal projection of the synchronous plots
97

that yield results of the 1D correlation function (𝐺Φ(2) (∆𝑥𝑗 )) , an asynchronous 1D correlation
function (𝐺Ψ(2) (∆𝑥𝑗 )) is being investigated to yield the diagonal projection of the asynchronous 2D
contour plots in a generalized domain. Not only does this discussion demonstrate the ability of
1D/2DCOS for better spectral resolution, but it also opens doors for examining other parameters
that effect or can control the CARS signal buildup.
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CHAPTER VI
SUMMARY
This dissertation aims to describe the construction, optimization, and testing of a robust
time-resolved fs/ps coherent Raman spectroscopic analysis tool. An all-Gaussian theoretical model
was used to obtain closed-form solutions of the third-order polarization processes occurring at
ultrashort time scales. This third-order polarization though enhances the Raman signals but is also
a very complicated process that requires additional analytical technique to separate the underlying
processes. Second-order correlation spectroscopy (SOCOS) has been employed to enhance the
interpretation capability in data analysis. A novel method of diagonal projection of the
synchronous and asynchronous 2D plots have been validated with the newly defined second-order
one-dimensional correlation functions (for both synchronous and asynchronous functions).
Utilizing this time-resolved ultrafast coherent spectroscopic method in conjunction with secondorder correlation functions, hydrogen bonding is studied in pyridine-water complexes. The results
obtained are summarized as follows:
1) Time-resolved ultrafast probing method was successfully used to minimize the
contribution of non-resonant four wave mixing background to the overall signal. However, the
main result was the experimental observation demonstrating the control of this deferred CARS
signal build up delay time, using the probe spectral width. The results demonstrate a buildup time
delay for benzene and pyridine, which is seen to increase from zero delays for wider probe spectral
width (~50 cm-1) be about 2 ps delay of the probe pulse for narrow widths (~10 cm-1). Theoretical
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simulations for the data using the exact closed-form solutions match with the experimentally
observed data.
2) Water with no characteristic peaks in our region of interest is used represent the nonresonant processes along with pyridine and benzene that are representative of resonant processes.
Next, the definition of generalized two-dimensional spectroscopy is provided in a non-specific
format (i.e., for variables other than traditional frequency). These definitions are modified for time
delay as a variable and probe width as a perturbative parameter to observe the CARS signal
buildup's deferral property, as discussed in the previous section. This phenomenon is reflected in
the synchronous plots of resonant signals as a shifted off-center peak and a well-known butterfly
shape in the asynchronous plot that shows sequential changes (FWHM of the peaks the
synchronous and asynchronous plots confirmed the resonant versus non-resonant intensities
otherwise plotted). The definitions of the second-order, one-dimensional correlation function for
synchronous and asynchronous functions are also provided in a tailored format to be used with the
time delay variable. Compared to the autocorrelation of non-resonant processes, synchronous onedimensional plots for resonant processes demonstrate an additionally widened peak whose FWHM
was found to be the double amount of the time delay found using one and two-dimensional plots.
The x-axis denoting the difference in the time delays, justified the observed time delay widths. In
addition to one- and two- dimensional correlations for NR and resonant processes, proof of
principle for the double Hilbert-Noda transforms, which return the input's negative intensities, was
provided for the first time using coherent Raman intensities.
3) By adjusting the pump wavelength in the NOPA, pyridines’ vibrational modes are
excited (a wavelength of 915 nm is chosen that corresponds to the region between the ring
breathing and bending vibrations of pyridine molecules). The CARS and CSRS spectra for 10
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dilutions of pyridine with water are obtained simultaneously by the use of proper notch filters.
Three time delays (2 ps, 3.4 ps, and 4 ps) are chosen for the data analysis. The reason for choosing
these time delay values is to observe the effect of probe pulse delay on the non-resonant
background in the signal. The CARS vs. CSRS spectrograms plotted with decreasing pyridine
concentration depicted asymmetric blue and redshifts investigated using two-dimensional
correlation spectroscopy. Compared to our spectrograph offset (< 2 cm-1 or 1 pixel), the difference
in the asymmetric shifts for the lowest concentration of pyridine (CARS: 9 cm-1 and CSRS 6 cm1

) can be solely attributed to the residual non-resonant background interference in the pyridine-

water mixtures. Two-dimensional synchronous and asynchronous correlation maps are obtained
with frequency as variable and concentration as the perturbative parameter. The 2D map of
synchronous autocorrelations for CARS shows that the peak 1 experience a greater shift than peak
12 on the basis of a smeared elliptical-shaped peak. On the other hand, the asynchronous plots
show a butterfly shape that can be attributed to the fact that peak 1 experience changes in the
system before peak 12 experiences them. The cross-correlation 2D maps of the CARS vs. CSRS
exhibit peaks that are non-zero (not plain flat). Next, the one-dimensional correlation function in
the frequency domain are used to plot the auto and cross-correlations of CARS and CSRS data
obtained. These plots exhibit three peaks, where the difference in the side peaks to the central peak
is found to be 34 cm-1. This value is a little lower than the difference in the two modes of pyridine
(39 cm-1), the reason for which can be the considerable averaging performed on the overalls shifts
of the data obtained. The plot for 2 ps time delay of the probe shows asymmetric shifts in the
CARS and CSRS intensities via uneven side peaks in the 1D correlation plot attributed to the FWM
contamination at this delay of the probe. This asymmetry is seen to gradually disappear as the
probe is further delayed to 4 ps. The dephasing times of the two vibrational modes of pyridine
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were obtained and analyzed at each concentration. The beating period obtained for CARS and
CSRS signals showed a negligible difference for pure pyridine, however as the concentration
decreased, the beating period also changed. For pure pyridine, the beating period is found to be 85
ps, that corresponds to the difference in the vibrational modes: 39 cm-1, and for 90% pyridine, it
changed to 0.97 ps, corresponding to 34 cm-1. This shows that the peaks are actually shifting in the
same direction, but the shift for peak 1 is faster, bringing the two peaks closer. For the lowest
pyridine concentration, the CARS and CSRS beating periods are found to be 1.05 and 0.99 ps,
respectively. (The error bars for dephasing times and beating periods found were less than ±0.1
and ±0.02, respectively). An interesting observation, however, is that as the concentration is
decreased from 100 to 90 %, the dephasing time for peak 12 is decreased from 2 ps to 1.4 ps, and
on further decreasing the concentration, the dephasing time was seen to revert back to 2 ps for 10%
pyridine. This result can be attributed to the collective emission phenomenon for pyridine at 90%
concentration. Besides pure pyridine molecules, complexes such as Py2W1 are found more than
complexes like Py1W2 and Py1W3 in a higher concentration of pyridine. Although hydrogen
bonding perturbations exist, only the pyridine ensemble is assumed to be excited effectively for
12 mode. This property is also reflected as the additional broadening of the peak at 90%
concentration as compared to 100 and 10%.
To sum up, the three-color coherent Raman scattering process representing a complex nondegenerate four wave mixing process that includes the contribution from both the resonant and
non-resonant mixing of the three fields to produce a signal was studied using a high-resolution
analysis. Differentiation of this non-resonant background from the coherent signal was predicted
successfully which direct the future application of this technique to be used with different
parameters, other than the ones described in this dissertation. An all-Gaussian CARS model is used
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that contains all three beams as Gaussian pulses, which produces a resultant signal that also has a
closed-form Gaussian solution. Ubiquitous, yet mystifying, hydrogen bonding was understood
with the aid of second-order correlation spectroscopy (SOCOS) in pyridine-water mixtures.
Generalized two-dimensional spectroscopy that has been previously employed for spontaneous
Raman spectroscopy but was scarcely used in the coherent Raman methods is used validated as a
resolution improvement tool. It is also employed to realize the control of the deferred buildup in
the CARS signal using multiple variables in the future. A novel second-order one-dimensional
correlation function was introduced that replicates the diagonal sum of the synchronous and
asynchronous plots, thus reducing a two-dimensional analysis to one-dimension. This work's
overall goal was to develop and substantiate the use of second-order correlation spectroscopy in
coherent Raman scattering process to obtain high-throughput results for applications such as
chemical imaging in the future. This species-specific spectroscopic tool, along with a quantitative
closed-form solution, shows promising potential in experimental automation procedures
employing machine learning (neural networks) as well.

103

REFERENCES
[1]

C. V. Raman, “A change of wave-length in light scattering [8],” Nature, 1928, doi:
10.1038/121619b0.

[2]

P. D. Maker and R. W. Terhune, “Study of optical effects due to an induced polarization
third order in the electric field strength,” Physical Review, 1965, doi:
10.1103/PhysRev.137.A801.

[3]

R. F. Begley, A. B. Harvey, and R. L. Byer, “Coherent anti-Stokes Raman spectroscopy,”
Applied Physics Letters, 1974, doi: 10.1063/1.1655519.

[4]

R. F. Begley, A. B. Harvey, and R. L. Byer, “Coherent anti-Stokes Raman spectroscopy,”
Applied Physics Letters, vol. 25, no. 7, pp. 387–390, Oct. 1974, doi: 10.1063/1.1655519.

[5]

A. Zumbusch, G. R. Holtom, and X. S. Xie, “Three-dimensional vibrational imaging by
coherent anti-stokes raman scattering,” Physical Review Letters, vol. 82, no. 20, pp. 4142–
4145, 1999, doi: 10.1103/PhysRevLett.82.4142.

[6]

E. Potma, “Tissue imaging with coherent anti-Stokes Raman scattering microscopy,”
Vibrational Spectroscopy Imaging for Biomedical Application, 2010.

[7]

J. X. Cheng, E. O. Potma, and S. X. Xie, “Coherent anti-Stokes Raman scattering correlation
spectroscopy: Probing dynamical processes with chemical selectivity,” Journal of Physical
Chemistry A, 2002, doi: 10.1021/jp025774b.

[8]

B. Hudson, W. Hetherington, S. Cramer, I. Chabay, and G. K. Klauminzer, “Resonance
enhanced coherent anti-Stokes Raman scattering.,” Proceedings of the National Academy
of Sciences of the United States of America, vol. 73, no. 11, pp. 3798–3802, Nov. 1976, doi:
10.1073/pnas.73.11.3798.

[9]

P. L. Stiles, J. A. Dieringer, N. C. Shah, and R. P. Van Duyne, “Surface-enhanced Raman
spectroscopy,”
Annual
Review
of
Analytical
Chemistry.
2008,
doi:
10.1146/annurev.anchem.1.031207.112814.

[10] E. Bailo and V. Deckert, “Tip-enhanced Raman scattering,” Chemical Society Reviews,
2008, doi: 10.1039/b705967c.
[11] E. L. Keller, N. C. Brandt, A. A. Cassabaum, and R. R. Frontiera, “Ultrafast surfaceenhanced Raman spectroscopy,” The Analyst, 2015, doi: 10.1039/c5an00869g.
104

[12] E. C. Le Ru and P. G. Etchegoin, Principles of Surface-Enhanced Raman Spectroscopy.
2009.
[13] P. Kukura, D. W. McCamant, and R. A. Mathies, “Femtosecond stimulated Raman
spectroscopy,”
Annual
Review
of
Physical
Chemistry,
2007,
doi:
10.1146/annurev.physchem.58.032806.104456.
[14] V. V. Yakovlev, H. F. Zhang, G. D. Noojin, M. L. Denton, R. J. Thomas, and M. O. Scully,
“Stimulated Raman photoacoustic imaging,” Proceedings of the National Academy of
Sciences of the United States of America, 2010, doi: 10.1073/pnas.1012432107.
[15] P. Matousek, “Inverse spatially offset raman spectroscopy for deep noninvasive probing of
turbid media,” Applied Spectroscopy, 2006, doi: 10.1366/000370206778999102.
[16] X. Qiu, X. Li, K. Niu, and S. Y. Lee, “Inverse Raman bands in ultrafast Raman loss
spectroscopy,” Journal of Chemical Physics, 2011, doi: 10.1063/1.3653940.
[17] G. A. West, J. J. Barrett, D. R. Siebert, and K. V. Reddy, “Photoacoustic spectroscopy,”
Review of Scientific Instruments. 1983, doi: 10.1063/1.1137483.
[18] P. Lasch and I. Noda, “Two-Dimensional Correlation Spectroscopy for Multimodal
Analysis of FT-IR, Raman, and MALDI-TOF MS Hyperspectral Images with Hamster
Brain Tissue,” Analytical Chemistry, vol. 89, no. 9, pp. 5008–5016, May 2017, doi:
10.1021/acs.analchem.7b00332.
[19] I. Noda, “Generalized Two-Dimensional Correlation Spectroscopy,” in Frontiers of
Molecular Spectroscopy, 2009.
[20] I. Noda and Y. Ozaki, Two-Dimensional Correlation Spectroscopy - Applications in
Vibrational and Optical Spectroscopy. 2005.
[21] D. Pestov et al., “Coherent versus incoherent Raman scattering: molecular coherence
excitation and measurement,” Optics Letters, vol. 32, no. 12, p. 1725, 2007, doi:
10.1364/ol.32.001725.
[22] J. X. Cheng, A. Volkmer, L. D. Book, and X. S. Xie, “Epi-detected coherent anti-stokes
Raman scattering (E-CARS) microscope with high spectral resolution and high sensitivity,”
Journal of Physical Chemistry B, 2001, doi: 10.1021/jp003774a.
[23] J.-X. Cheng, L. D. Book, and X. S. Xie, “Polarization coherent anti-Stokes Raman scattering
microscopy,” Optics Letters, 2001, doi: 10.1364/ol.26.001341.
[24] L. R. Weisel, T. Ta, E. C. Booth, and D. J. Ulness, “Polarization coherent anti-stokes Raman
scattering using noisy light,” Journal of Raman Spectroscopy, 2007, doi: 10.1002/jrs.1568.

105

[25] Y. Silberberg, “Quantum coherent control for nonlinear spectroscopy and microscopy,”
Annual
Review
of
Physical
Chemistry.
2009,
doi:
10.1146/annurev.physchem.040808.090427.
[26] J.-C. Diels and W. Rudolph, “Pulse Shaping,” in Ultrashort Laser Pulse Phenomena, 2006.
[27] M. T. Cicerone, K. A. Aamer, Y. J. Lee, and E. Vartiainen, “Maximum entropy and timedomain Kramers-Kronig phase retrieval approaches are functionally equivalent for CARS
microspectroscopy,” 2012, doi: 10.1002/jrs.3169.
[28] C. H. Camp, Y. J. Lee, and M. T. Cicerone, “Quantitative, comparable coherent anti-Stokes
Raman scattering (CARS) spectroscopy: Correcting errors in phase retrieval,” Journal of
Raman Spectroscopy, 2016, doi: 10.1002/jrs.4824.
[29] F. Lu, W. Zheng, and Z. Huang, “Heterodyne polarization coherent anti-Stokes Raman
scattering microscopy,” Applied Physics Letters, 2008, doi: 10.1063/1.2902298.
[30] E. O. Potma, C. L. Evans, and X. S. Xie, “Heterodyne coherent anti-Stokes Raman
scattering (CARS) imaging,” Optics Letters, 2006, doi: 10.1364/ol.31.000241.
[31] M. Jurna, J. P. Korterik, C. Otto, J. L. Herek, and H. L. Offerhaus, “Background free CARS
imaging by phase sensitive heterodyne CARS,” Optics Express, 2008, doi:
10.1364/oe.16.015863.
[32] T. W. Kee, H. Zhao, and M. T. Cicerone, “One-laser interferometric broadband coherent
anti-Stokes Raman scattering,” Optics Express, 2006, doi: 10.1364/oe.14.003631.
[33] D. L. Marks, C. Vinegoni, J. S. Bredfeldt, and S. A. Boppart, “Interferometric differentiation
between resonant coherent anti-Stokes Raman scattering and nonresonant four-wavemixing processes,” Applied Physics Letters, 2004, doi: 10.1063/1.1829162.
[34] M. Cui, M. Joffre, J. Skodack, and J. P. Ogilvie, “Interferometric Fourier transform
Coherent anti-Stokes Raman Scattering,” Optics Express, 2006, doi: 10.1364/oe.14.008448.
[35] A. Volkmer, L. D. Book, and X. S. Xie, “Time-resolved coherent anti-Stokes Raman
scattering microscopy: Imaging based on Raman free induction decay,” Applied Physics
Letters, vol. 80, no. 9, pp. 1505–1507, Mar. 2002, doi: 10.1063/1.1456262.
[36] D. Pestov et al., “Optimizing the laser-pulse configuration for coherent Raman
spectroscopy,” Science, 2007, doi: 10.1126/science.1139055.
[37] R. Selm et al., “Ultrabroadband background-free coherent anti-Stokes Raman scattering
microscopy based on a compact Er:fiber laser system,” Optics Letters, vol. 35, no. 19, p.
3282, Oct. 2010, doi: 10.1364/ol.35.003282.
[38] P. Weinberger, “John Kerr and his effects found in 1877 and 1878,” Philosophical Magazine
Letters, 2008, doi: 10.1080/09500830802526604.
106

[39] M. A. Yuratich, “Effects of laser linewidth on coherent antistokes Raman spectroscopy,”
Molecular Physics, vol. 38, no. 2, pp. 625–655, 1979, doi: 10.1080/00268977900101941.
[40] A. P. Kotula, C. R. Snyder, and K. B. Migler, “Determining conformational order and
crystallinity in polycaprolactone via Raman spectroscopy,” Polymer (Guildf), vol. 117, pp.
1–10, May 2017, doi: 10.1016/j.polymer.2017.04.006.
[41] S. Yoon, D. W. McCamant, P. Kukura, R. A. Mathies, D. Zhang, and S.-Y. Lee,
“Dependence of line shapes in femtosecond broadband stimulated Raman spectroscopy on
pump-probe time delay,” J. Chem. Phys., vol. 122, no. 2, p. 024505, Dec. 2004, doi:
10.1063/1.1828044.
[42] T. Kiviniemi, T. Kiljunen, and M. Pettersson, “Femtosecond coherent anti-Stokes Ramanscattering polarization beat spectroscopy of I2–Xe complex in solid krypton,” The Journal
of Chemical Physics, vol. 125, no. 16, p. 164302, Oct. 2006, doi: 10.1063/1.2358987.
[43] “Coherent Anti-Stokes Raman Scattering (Cars) Microscopy for Bioimaging by Lin Jian ·
Readings.com.au.” https://www.readings.com.au/products/16439091/coherent-anti-stokesraman-scattering-cars-microscopy-for-bioimaging# (accessed Sep. 21, 2020).
[44] J. X. Cheng and X. S. Xie, Coherent Raman scattering microscopy. 2016.
[45] B. D. Patterson, Y. Gao, T. Seeger, and C. J. Kliewer, “Split-probe hybrid
femtosecond/picosecond rotational CARS for time-domain measurement of S-branch
Raman linewidths within a single laser shot,” Optics Letters, vol. 38, no. 22, p. 4566, Nov.
2013, doi: 10.1364/ol.38.004566.
[46] K. Bito, M. Okuno, H. Kano, P. Leproux, V. Couderc, and H. O. Hamaguchi, “Three-pulse
multiplex coherent anti-Stokes/Stokes Raman scattering (CARS/CSRS) microspectroscopy
using
a
white-light
laser
source,”
Chemical
Physics,
2013,
doi:
10.1016/j.chemphys.2013.02.007.
[47] B. D. Prince, A. Chakraborty, B. M. Prince, and H. U. Stauffer, “Development of
simultaneous frequency- And time-resolved coherent anti-Stokes Raman scattering for
ultrafast detection of molecular Raman spectra,” Journal of Chemical Physics, vol. 125, no.
4, p. 044502, Jul. 2006, doi: 10.1063/1.2219439.
[48] J. Peng, D. Pestov, M. O. Scully, and A. V. Sokolov, “Simple setup for hybrid coherent
Raman microspectroscopy,” Journal of Raman Spectroscopy, 2009, doi: 10.1002/jrs.2191.
[49] D. Pestov et al., “Optimizing the laser-pulse configuration for coherent Raman
spectroscopy,” Science, vol. 316, no. 5822, pp. 265–268, Apr. 2007, doi:
10.1126/science.1139055.
[50] D. Pestov et al., “Single-shot detection of bacterial endospores via coherent Raman
spectroscopy,” Proceedings of the National Academy of Sciences of the United States of
America, 2008, doi: 10.1073/pnas.0710427105.
107

[51] D. Pestov et al., “Coherent versus incoherent Raman scattering: molecular coherence
excitation and measurement,” Optics Letters, 2007, doi: 10.1364/ol.32.001725.
[52] H. Kano and H. O. Hamaguchi, “Dispersion-compensated supercontinuum generation for
ultrabroadband multiplex coherent anti-Stokes Raman scattering spectroscopy,” 2006, doi:
10.1002/jrs.1436.
[53] S. O. Konorov, M. W. Blades, and R. F. B. Turner, “Lorentzian amplitude and phase pulse
shaping for nonresonant background suppression and enhanced spectral resolution in
coherent anti-stokes raman scattering spectroscopy and microscopy,” Applied Spectroscopy,
2010, doi: 10.1366/000370210791666228.
[54] V. Kumar, R. Osellame, R. Ramponi, G. Cerullo, and M. Marangoni, “Background-free
broadband CARS spectroscopy from a 1-MHz ytterbium laser,” Optics Express, 2011, doi:
10.1364/oe.19.015143.
[55] H. U. Stauffer et al., “Time- and frequency-dependent model of time-resolved coherent antiStokes Raman scattering (CARS) with a picosecond-duration probe pulse,” Journal of
Chemical Physics, vol. 140, no. 2, p. 024316, Jan. 2014, doi: 10.1063/1.4860475.
[56] R. Selm et al., “Ultrabroadband background-free coherent anti-Stokes Raman scattering
microscopy based on a compact Er:fiber laser system,” Optics Letters, 2010, doi:
10.1364/ol.35.003282.
[57] Y. J. Lee, S. H. Parekh, Y. H. Kim, and M. T. Cicerone, “Optimized continuum from a
photonic crystal fiber for broadband time-resolved coherent anti-Stokes Raman scattering,”
Optics Express, 2010, doi: 10.1364/oe.18.004371.
[58] “Simultaneous plural color broadband coherent anti-stokes raman scattering microscope and
imaging,” Jul. 2016.
[59] C. H. Camp and M. T. Cicerone, “Chemically sensitive bioimaging with coherent Raman
scattering,” Nature Photonics. 2015, doi: 10.1038/nphoton.2015.60.
[60] N. G. Lehtinen, “Error functions,” 2010.
[61] K. A. Michalski and J. R. Mosig, “The Sommerfeld half-space problem revisited: from radio
frequencies and Zenneck waves to visible light and Fano modes,” Journal of
Electromagnetic Waves and Applications, vol. 30, no. 1, pp. 1–42, Jan. 2016, doi:
10.1080/09205071.2015.1093964.
[62] M. A. Yuratich, “Effects of laser linewidth on coherent antistokes Raman spectroscopy,”
Molecular Physics, 1979, doi: 10.1080/00268977900101941.
[63] N. Dudovich, D. Oron, and Y. Silberberg, “Single-pulse coherently controlled nonlinear
Raman spectroscopy and microscopy,” Nature, 2002, doi: 10.1038/nature00933.
108

[64] M. Marrocco, “Time-domain coherent anti-Stokes Raman scattering in terms of the timedelayed Yuratich equation,” Optics Letters, vol. 39, no. 16, p. 4831, 2014, doi:
10.1364/ol.39.004831.
[65] R. Compton, A. Filin, D. A. Romanov, and R. J. Levis, “Elucidating the spectral and
temporal contributions from the resonant and nonresonant response to femtosecond
coherent anti-Stokes Raman scattering,” Journal of Chemical Physics, vol. 128, no. 15, p.
154517, Apr. 2008, doi: 10.1063/1.2897975.
[66] H. U. Stauffer et al., “Time- and frequency-dependent model of time-resolved coherent antiStokes Raman scattering (CARS) with a picosecond-duration probe pulse,” Journal of
Chemical Physics, 2014, doi: 10.1063/1.4860475.
[67] S. P. Kearney and D. J. Scoglietti, “Hybrid femtosecond/picosecond rotational coherent
anti-Stokes Raman scattering at flame temperatures using a second-harmonic bandwidthcompressed probe,” Optics Letters, vol. 38, no. 6, p. 833, Mar. 2013, doi:
10.1364/ol.38.000833.
[68] S. P. Kearney, D. J. Scoglietti, and C. J. Kliewer, “Hybrid femtosecond/picosecond
rotational coherent anti-Stokes Raman scattering temperature and concentration
measurements using two different picosecond-duration probes,” Optics Express, vol. 21, no.
10, p. 12327, May 2013, doi: 10.1364/oe.21.012327.
[69] H. U. Stauffer, J. D. Miller, S. Roy, J. R. Gord, and T. R. Meyer, “Communication: Hybrid
femtosecondpicosecond rotational coherent anti-Stokes Raman scattering thermometry
using a narrowband time-asymmetric probe pulse,” Journal of Chemical Physics, vol. 136,
no. 11, p. 111101, Mar. 2012, doi: 10.1063/1.3693669.
[70] J. D. Miller, M. N. Slipchenko, and T. R. Meyer, “Probe-pulse optimization for nonresonant
suppression in hybrid fs/ps coherent anti-Stokes Raman scattering at high temperature,”
Optics Express, vol. 19, no. 14, p. 13326, Jul. 2011, doi: 10.1364/oe.19.013326.
[71] J. D. Miller, M. N. Slipchenko, T. R. Meyer, H. U. Stauffer, and J. R. Gord, “Hybrid
femtosecond/picosecond coherent anti-Stokes Raman scattering for high-speed gas-phase
thermometry,” Optics Letters, vol. 35, no. 14, p. 2430, Jul. 2010, doi: 10.1364/ol.35.002430.
[72] B. D. Prince, A. Chakraborty, B. M. Prince, and H. U. Stauffer, “Development of
simultaneous frequency- And time-resolved coherent anti-Stokes Raman scattering for
ultrafast detection of molecular Raman spectra,” Journal of Chemical Physics, vol. 125, no.
4, 2006, doi: 10.1063/1.2219439.
[73] M. Marrocco, “Time-domain coherent anti-Stokes Raman scattering in terms of the timedelayed Yuratich equation,” Optics Letters, 2014, doi: 10.1364/ol.39.004831.
[74] G. O. Ariunbold and N. Altangerel, “Quantitative interpretation of time-resolved coherent
anti-Stokes Raman spectroscopy with all Gaussian pulses,” Journal of Raman Spectroscopy,
vol. 48, no. 1, pp. 104–107, 2017, doi: 10.1002/jrs.4987.
109

[75] G. O. Ariunbold and N. Altangerel, “Coherent anti-Stokes Raman spectroscopy:
Understanding the essentials,” Coherent Phenomena, vol. 3, no. 1, pp. 6–17, 2017, doi:
10.1515/coph-2016-0002.
[76] G. O. Ariunbold, S. Nagpal, and B. Semon, “Quantitative time-resolved buildup in threecolor coherent anti-Stokes Raman scattering,” Spectroscopy Letters, vol. 53, no. 5, 2020,
doi: 10.1080/00387010.2020.1763403.
[77] M. Berg and D. A. Vanden Bout, “Ultrafast Raman Echo Measurements of Vibrational
Dephasing and the Nature of Solvent - Solute Interactions,” Accounts of Chemical Research,
vol. 30, no. 2, pp. 65–70, 1997, doi: 10.1021/ar950172e.
[78] U. Banin and S. Ruhman, “Ultrafast vibrational dynamics of nascent diiodide fragments
studied by femtosecond transient resonance impulsive stimulated Raman scattering,” The
Journal of Chemical Physics, vol. 99, no. 11, pp. 9318–9321, Dec. 1993, doi:
10.1063/1.465501.
[79] H. Li et al., “Imaging Chemical Kinetics of Radical Polymerization with an Ultrafast
Coherent Raman Microscope,” Advanced Science, vol. 7, no. 10, p. 1903644, May 2020,
doi: 10.1002/advs.201903644.
[80] “United States Patent (19) Fermann 54 METHOD AND APPARATUS FOR
GENERATING ULTRASHORT PULSES WITH ADJUSTABLE REPETITION RATES
FROM,” Oct. 1995.
[81] P. C. Chen and C. C. Joyner, “Peak Separation and Sorting by Coherent 2D Resonance
Raman Spectroscopy,” Anal. Chem., vol. 77, no. 17, pp. 5467–5473, Sep. 2005, doi:
10.1021/ac0504215.
[82] D. Meshulach and Y. Silberberg, “Coherent quantum control of multiphoton transitions by
shaped ultrashort optical pulses.”
[83] A. Monmayrant, S. Weber, and B. Chatel, “A newcomer’s guide to ultrashort pulse shaping
and characterization,” Journal of Physics B: Atomic, Molecular and Optical Physics, vol.
43, no. 10, 2010, doi: 10.1088/0953-4075/43/10/103001.
[84] H. Weichel, “The uncertainty principle and the spectral width of a laser beam,” American
Journal of Physics, vol. 44, no. 9, pp. 839–840, Sep. 1976, doi: 10.1119/1.10133.
[85] C. Dedic, “Hybrid fs/ps coherent anti-Stokes Raman scattering for multiparameter
measurements of combustion and nonequilibrium,” Graduate Theses and Dissertations,
Jan. 2017, doi: https://doi.org/10.31274/etd-180810-5126.
[86] G. H. Watson and W. B. Daniels, “Raman scattering from dense helium and argon,” Physica
B+C, vol. 139–140, pp. 472–474, May 1986, doi: 10.1016/0378-4363(86)90625-X.

110

[87] E. Zoidis, J. Yarwood, Y. Danten, and M. Besnard, “Spectroscopic studies of vibrational
relaxation and chemical exchange broadening in hydrogen-bonded systems. III. Equilibrium
processes in the pyridine/water system,” Molecular Physics, 1995, doi:
10.1080/00268979500101161.
[88] M. A. Czarnecki, “Frequency shift or intensity shift? the origin of spectral changes in
vibrational spectra,” Vibrational Spectroscopy, 2012, doi: 10.1016/j.vibspec.2011.11.012.
[89] R. Hanbury Brown and R. Q. Twiss, “A test of a new type of stellar interferometer on
Sirius,” Nature, vol. 178, no. 4541, pp. 1046–1048, 1956, doi: 10.1038/1781046a0.
[90] R. H. Brown and R. Q. Twiss, “LXXIV. A new type of interferometer for use in radio
astronomy,” The London, Edinburgh, and Dublin Philosophical Magazine and Journal of
Science, vol. 45, no. 366, pp. 663–682, Jul. 1954, doi: 10.1080/14786440708520475.
[91] R. M. Yulmetyev and P. Hänggi, “Correlations in Complex Systems,” in Encyclopedia of
Complexity and Systems Science, R. A. Meyers, Ed. New York, NY: Springer, 2009, pp.
1615–1634.
[92] C. Foellmi, “Intensity interferometry and the second-order correlation function in
astrophysics,” A&A, vol. 507, no. 3, Art. no. 3, Dec. 2009, doi: 10.1051/00046361/200911739.
[93] P. Grünwald, “Effective second-order correlation function and single-photon detection,”
New J. Phys., vol. 21, no. 9, p. 093003, Sep. 2019, doi: 10.1088/1367-2630/ab3ae0.
[94] G. O. Ariunbold, “Asymmetric spectral noise correlations in coherent Stokes and antiStokes Raman scatterings,” OSA Continuum, vol. 1, no. 3, p. 832, 2018, doi:
10.1364/osac.1.000832.
[95] C. D. Eads and I. Noda, “Generalized correlation NMR spectroscopy,” Journal of the
American Chemical Society, 2002, doi: 10.1021/ja011819v.
[96] Y. M. Jung, B. Czarnik-Matusewicz, and Y. Ozaki, “Two-dimensional infrared, twodimensional raman, and two-dimensional infrared and rainau heterospectral correlation
studies of secondary structure of β-lactoglobulin in buffer solutions,” Journal of Physical
Chemistry B, 2000, doi: 10.1021/jp0008041.
[97] I. Noda, “Advances in two-dimensional correlation spectroscopy,” Vibrational
Spectroscopy, vol. 36, no. 2 SPEC. ISS., pp. 143–165, 2004, doi:
10.1016/j.vibspec.2003.12.016.
[98] I. Noda, “Vibrational two-dimensional correlation spectroscopy (2DCOS) study of
proteins,” Spectrochimica Acta - Part A: Molecular and Biomolecular Spectroscopy, vol.
187, pp. 119–129, 2017, doi: 10.1016/j.saa.2017.06.034.

111

[99] P. A. Chaloner, “Two-dimensional NMR methods for establishing molecular connectivity;
a chemist’s guide to experiment selection, performance and interpretation,” Journal of
Organometallic Chemistry, 1990, doi: 10.1016/0022-328x(90)85255-w.
[100] D. Magde and E. L. Elson, “Fluorescence Correlation Spectroscopy. I. Conceptual basis and
theory,” Biopolymers, 1974.
[101] I. Noda, “Two-Dimensional Infrared Spectroscopy,” Journal of the American Chemical
Society, 1989, doi: 10.1021/ja00203a008.
[102] A. Tokmakoff, M. J. Lang, D. S. Larsen, G. R. Fleming, V. Chernyak, and S. Mukamel,
“Two-Dimensional Raman Spectroscopy of Vibrational Interactions in Liquids,” Physical
Review Letters, 1997, doi: 10.1103/PhysRevLett.79.2702.
[103] I. Noda, A. E. Dowrey, and C. Marcott, “Recent developments in two-dimensional infrared
(2D IR) correlation spectroscopy,” Applied Spectroscopy, vol. 47, no. 9, pp. 1317–1323,
1993, doi: 10.1366/0003702934067513.
[104] I. Noda and N. I. Afanas’eva, “Two-dimensional infrared spectroscopy,” Optics and
Spectroscopy (English translation of Optika i Spektroskopiya), vol. 83, no. 1, pp. 52–57,
1997.
[105] Y. M. Jung and I. Noda, “New approaches to generalized two-dimensional correlation
spectroscopy and its applications,” Applied Spectroscopy Reviews. 2006, doi:
10.1080/05704920600845868.
[106] I. Noda, “Scaling techniques to enhance two-dimensional correlation spectra,” Journal of
Molecular Structure, vol. 883–884, no. 1–3, pp. 216–227, Jul. 2008, doi:
10.1016/j.molstruc.2007.12.026.
[107] Y. Park, S. Jin, I. Noda, and Y. M. Jung, “Emerging developments in two-dimensional
correlation spectroscopy (2D-COS),” Journal of Molecular Structure, vol. 1217, p. 128405,
Oct. 2020, doi: 10.1016/j.molstruc.2020.128405.
[108] “Two-Dimensional Infrared, Two-Dimensional Raman, and Two-Dimensional Infrared and
Raman Heterospectral Correlation Studies of Secondary Structure of β-Lactoglobulin in
Buffer
Solutions
|
The
Journal
of
Physical
Chemistry
B.”
https://pubs.acs.org/doi/abs/10.1021/jp0008041 (accessed Nov. 02, 2020).
[109] M. A. Czarnecki and Y. Ozaki, “The temperature-induced changes in hydrogen bonding of
decan-1-ol in the pure liquid phase studied by two-dimensional Fourier transform nearinfrared correlation spectroscopy,” Physical Chemistry Chemical Physics, vol. 1, no. 5, pp.
797–800, Mar. 1999, doi: 10.1039/a808699k.
[110] “Computer-Enhanced Analytical Spectroscopy | Henk Meuzelaar |
https://www.springer.com/gp/book/9780306426445 (accessed Jul. 17, 2020).
112

Springer.”

[111] B. Czarnik-Matusewicz, K. Murayama, R. Tsenkova, and Y. Ozaki, “Analysis of NearInfrared Spectra of Complicated Biological Fluids by Two-Dimensional Correlation
Spectroscopy: Protein and Fat Concentration-Dependent Spectral Changes of Milk,” Appl.
Spectrosc., AS, vol. 53, no. 12, pp. 1582–1594, Dec. 1999.
[112] H. Abderrazak, M. Dachraoui, M. Cañada, and B. Lendl, “Quantitative Phosphate Analysis
in Industrial Raw Phosphoric Acid Based on Evaluation of Bandshifts in FT-Raman
Spectroscopy,” Applied Spectroscopy, vol. 54, pp. 1610–1616, Nov. 2000, doi:
10.1366/0003702001948862.
[113] Y. Ren, T. Murakami, T. Nishioka, K. Nakashima, I. Noda, and Y. Ozaki, “Twodimensional fourier transform raman correlation spectroscopy studies of polymer blends:
Conformational changes and specific interactions in blends of atactic polystyrene and
poly(2,6-dimethyl-l,4-phenylene ether),” Macromolecules, vol. 32, no. 19, pp. 6307–6318,
Sep. 1999, doi: 10.1021/ma990072e.
[114] P. Lu and T. He, “Annealing behavior of ultrahigh molecular weight polyethylene
investigated by confocal micro-Raman spectroscopy combined with two-dimensional
correlation spectroscopy,” International Journal of Polymer Analysis and Characterization,
vol. 22, no. 1, pp. 17–26, Jan. 2017, doi: 10.1080/1023666X.2016.1222479.
[115] J. Kausteklis, V. Balevičius, and V. Aleksa, “Two-dimensional Raman spectroscopy study
of ionogel phase formation in long-chain ionic liquid/water systems,” Journal of Raman
Spectroscopy, vol. 48, no. 1, pp. 126–131, Jan. 2017, doi: 10.1002/jrs.4983.
[116] J. Sacharz, A. Wesełucha-Birczyńska, C. Paluszkiewicz, P. Chaniecki, and M. Błażewicz,
“A 2D correlation Raman spectroscopy analysis of a human cataractous lens,” Journal of
Molecular
Structure,
vol.
1124,
pp.
71–77,
Nov.
2016,
doi:
10.1016/j.molstruc.2016.04.045.
[117] S. R. Smith, R. Seenath, M. R. Kulak, and J. Lipkowski, “Characterization of a SelfAssembled Monolayer of 1-Thio-β- d -Glucose with Electrochemical Surface Enhanced
Raman Spectroscopy Using a Nanoparticle Modified Gold Electrode,” Langmuir, vol. 31,
no. 36, pp. 10076–10086, Sep. 2015, doi: 10.1021/acs.langmuir.5b02767.
[118] Z. Černošek et al., “Structure of arsenic selenide glasses by Raman and 77Se NMR with a
multivariate curve resolution approach,” Journal of Non-Crystalline Solids, vol. 447, pp.
322–328, Sep. 2016, doi: 10.1016/j.jnoncrysol.2016.06.013.
[119] R. Geitner et al., “Two-dimensional Raman correlation spectroscopy reveals molecular
structural changes during temperature-induced self-healing in polymers based on the DielsAlder reaction,” Physical Chemistry Chemical Physics, vol. 17, no. 35, pp. 22587–22595,
Jun. 2015, doi: 10.1039/c5cp02151k.
[120] S. Roy, P. A. Covert, T. A. Jarisz, C. Chan, and D. K. Hore, “Surface-Bulk Vibrational
Correlation Spectroscopy,” Analytical Chemistry, vol. 88, no. 9, pp. 4682–4691, May 2016,
doi: 10.1021/acs.analchem.5b04544.
113

[121] G. Ramer and L. Ashton, “Two-dimensional codistribution spectroscopy applied to UVRR
and ROA investigations of biomolecular transitions,” Journal of Molecular Structure, vol.
1124, pp. 173–179, Nov. 2016, doi: 10.1016/j.molstruc.2016.02.056.
[122] A. Paudel, D. Raijada, and J. Rantanen, “Raman spectroscopy in pharmaceutical product
design,” Advanced Drug Delivery Reviews, vol. 89. Elsevier, pp. 3–20, Jul. 15, 2015, doi:
10.1016/j.addr.2015.04.003.
[123] J. Y. Baron et al., “SERS and electrochemical studies of the gold–electrolyte interface under
thiosulfate based leaching conditions,” Electrochimica Acta, vol. 111, pp. 390–399, Nov.
2013, doi: 10.1016/j.electacta.2013.07.195.
[124] Matthew. D. Sonntag, D. Chulhai, T. Seideman, L. Jensen, and R. P. Van Duyne, “The
Origin of Relative Intensity Fluctuations in Single-Molecule Tip-Enhanced Raman
Spectroscopy,” J. Am. Chem. Soc., vol. 135, no. 45, pp. 17187–17192, Nov. 2013, doi:
10.1021/ja408758j.
[125] “The challenge of applying Raman spectroscopy to monitor recombinant antibody
production
Analyst
(RSC
Publishing).”
https://pubs.rsc.org/en/content/articlelanding/2013/AN/c3an01341c#!divAbstract
(accessed Nov. 02, 2020).
[126] L. Ashton, P. D. A. Pudney, E. W. Blanch, and G. E. Yakubov, “Understanding glycoprotein
behaviours using Raman and Raman optical activity spectroscopies: Characterising the
entanglement induced conformational changes in oligosaccharide chains of mucin,”
Advances in Colloid and Interface Science, vol. 199–200, pp. 66–77, Nov. 2013, doi:
10.1016/j.cis.2013.06.005.
[127] S. Takanezawa, Y. Sako, Y. Ozaki, and S. Morita, “Mechanism of sequential order
determination in bio-Raman correlation analysis,” in Nano-Bio Sensing, Imaging, and
Spectroscopy, May 2013, vol. 8879, p. 887902, doi: 10.1117/12.2018723.
[128] H. Shinzawa, K. Hashimoto, H. Sato, W. Kanematsu, and I. Noda, “Multiple-perturbation
two-dimensional (2D) correlation analysis for spectroscopic imaging data,” Journal of
Molecular
Structure,
vol.
1069,
pp.
176–182,
Jul.
2014,
doi:
10.1016/j.molstruc.2014.02.013.
[129] H. M. Kim et al., “Noninvasive deep Raman detection with 2D correlation analysis,”
Journal of Molecular Structure, vol. 1069, pp. 223–228, Jul. 2014, doi:
10.1016/j.molstruc.2014.01.045.
[130] M. Ramsay, C. Beutier, G. B. McGarvey, and D. K. Hore, “Adsorption of heptane–toluene
binary mixtures on a hydrophobic polymer surface,” J. Chem. Phys., vol. 150, no. 1, p.
014702, Jan. 2019, doi: 10.1063/1.5066555.

114

[131] T. Jarisz, S. Roy, and D. K. Hore, “Surface Water as a Mediator and Reporter of Adhesion
at Aqueous Interfaces,” Acc. Chem. Res., vol. 51, no. 9, pp. 2287–2295, Sep. 2018, doi:
10.1021/acs.accounts.8b00258.
[132] P. Lasch and I. Noda, “Two-Dimensional Correlation Spectroscopy for Multimodal
Analysis of FT-IR, Raman, and MALDI-TOF MS Hyperspectral Images with Hamster
Brain Tissue,” Analytical Chemistry, vol. 89, no. 9, pp. 5008–5016, May 2017, doi:
10.1021/acs.analchem.7b00332.
[133] D. Vollath, “The application of a normalized correlation function in image analysis,”
Journal of Microscopy, vol. 122, no. 1, pp. 35–48, Apr. 1981, doi: 10.1111/j.13652818.1981.tb01240.x.
[134] H. T. Sencar, M. Ramkumar, and A. N. Akansu, “Type II and Type III (Nonlinear) Data
Hiding Methods,” in Data Hiding Fundamentals and Applications, Elsevier, 2004, pp. 79–
105.
[135] “Explain
(Cross
/
Auto)
Correlation,
Normalize
&
Time
https://anomaly.io/understand-auto-cross-correlation-normalized-shift/index.html
(accessed Sep. 14, 2020).

shift.”

[136] Y. Marechal, The Hydrogen Bond and the Water Molecule. 2007.
[137] L. F. Scatena, M. G. Brown, and G. L. Richmond, “Water at hydrophobic surfaces: Weak
hydrogen bonding and strong orientation effects,” Science, 2001, doi:
10.1126/science.1059514.
[138] Y. Mandel-Gutfreund, O. Schueler, and H. Margalit, “Comprehensive analysis of hydrogen
bonds in regulatory protein DNA-complexes: In search of common principles,” Journal of
Molecular Biology, 1995, doi: 10.1006/jmbi.1995.0559.
[139] M. Egholm et al., “PNA hybridizes to complementary oligonucleotides obeying the WatsonCrick hydrogen-bonding rules,” Nature, 1993, doi: 10.1038/365566a0.
[140] H. Han and P. B. Dervan, “Different conformational families of
pyrimidine·purine·pyrimidine triple helices depending on backbone composition,” Nucleic
Acids Research, vol. 22, no. 14, pp. 2837–2844, Jul. 1994, doi: 10.1093/nar/22.14.2837.
[141] “Pyrimidine and pyridine derivatives, their production and use,” Aug. 1994.
[142] A. G. Kalampounias, G. Tsilomelekis, and S. Boghosian, “Vibrational dephasing and
frequency shifts of hydrogen-bonded pyridine-water complexes,” Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy, 2015, doi: 10.1016/j.saa.2014.06.156.
[144] S. Schlücker, R. K. Singh, B. P. Asthana, J. Popp, and W. Kiefer, “Hydrogen-bonded
pyridine-water complexes studied by density functional theory and raman spectroscopy,”
Journal of Physical Chemistry A, 2001, doi: 10.1021/jp0122272.
115

[145] S. Schlücker, M. Heid, R. K. Singh, B. P. Asthana, J. Popp, and W. Kiefer, “Vibrational
dynamics in hydrogen-bonded (pyridine + water) complexes studied by spectrally resolved
femtosecond CARS,” Zeitschrift fur Physikalische Chemie, 2002, doi:
10.1524/zpch.2002.216.3.267.
[146] E. R. Berg, S. A. Freeman, D. D. Green, and D. J. Ulness, “Effects of hydrogen bonding on
the ring stretching modes of pyridine,” Journal of Physical Chemistry A, 2006, doi:
10.1021/jp0655367.
[147] D. C. Urbanek and M. A. Berg, “Simultaneous time and frequency detection in femtosecond
coherent Raman spectroscopy. I. Theory and model calculations,” The Journal of Chemical
Physics, 2007, doi: 10.1063/1.2752165.
[148] S. Nath, D. C. Urbanek, S. J. Kern, and M. A. Berg, “Simultaneous time and frequency
detection in femtosecond coherent Raman spectroscopy. II. Application to acetonitrile,”
Journal of Chemical Physics, 2007, doi: 10.1063/1.2752166.
[149] S. Nagpal, “Application of Raman and fluorescence spectroscopy to detect changes in the
chemical profile of water subject to polarization, vegetation under stress, and murine blood
components,” Aug. 2019, Available: https://ir.library.msstate.edu/handle/11668/14599.
[150] G. O. Ariunbold, B. Semon, S. Nagpal, and P. Adhikari, “Coherent Anti-Stokes–Stokes
Raman Cross-Correlation Spectroscopy: Asymmetric Frequency Shifts in HydrogenBonded
Pyridine-Water
Complexes,”
Applied
Spectroscopy,
2019,
doi:
10.1177/0003702819857771.
[151] D. R. Van Hare, L. A. Carreira, L. B. Rogers, and L. Azarraga, “COHERENT ANTISTOKES
RAMAN
SPECTROSCOPY
OF
POLYCYCLIC
AROMATIC
HYDROCARBONS.,” Applied Spectroscopy, 1984, doi: 10.1366/0003702844555061.
[152] L. A. Carreira, L. P. Goss, and T. G. Malloy, “Preresonance enhancement of the coherent
anti-Stokes Raman spectra of fluorescent compounds,” The Journal of Chemical Physics,
1978, doi: 10.1063/1.435493.
[153] B. Nogaj, “Hydrogen-bond theories and models based on nuclear quadrupole resonance
spectroscopy studies,” Journal of Physical Chemistry, 1987, doi: 10.1021/j100307a010.
[154] G. A. Jeffrey and W. Saenger, Hydrogen Bonding in Biological Structures. 1991.
[155] G. Desiraju and T. Steiner, The Weak Hydrogen Bond. 2010.
[156] W. Kabsch and C. Sander, “Dictionary of protein secondary structure: Pattern recognition
of hydrogen‐bonded and geometrical features,” Biopolymers, 1983, doi:
10.1002/bip.360221211.

116

[157] J. BERNSTEIN, R. E. DAVIS, L. SHIMONI, and N.-L. CHANG, “ChemInform Abstract:
Pattern in Hydrogen Bonding: Functionality and Graph Set Analysis in Crystals,”
ChemInform, 2010, doi: 10.1002/chin.199547318.
[158] Y. Tominaga, A. Fujiwara, and Y. Amo, “Dynamical structure of water by Raman
spectroscopy,” Fluid Phase Equilibria, vol. 144, no. 1–2, pp. 323–330, Feb. 1998, doi:
10.1016/s0378-3812(97)00276-8.
[159] Q. Sun, “The Raman OH stretching bands of liquid water,” Vibrational Spectroscopy, vol.
51, no. 2, pp. 213–217, Nov. 2009, doi: 10.1016/j.vibspec.2009.05.002.
[160] A. Dogariu, A. Goltsov, H. Xia, and M. O. Scully, “Concentration dependence in coherent
Raman scattering,” 2008, doi: 10.1080/09500340802348876.
[161] A. Dkhissi, L. Adamowicz, and G. Maes, “Density Functional Theory Study of the
Hydrogen-Bonded Pyridine - H2O Complex: A Comparison with RHF and MP2 Methods
and with Experimental Data,” Journal of Physical Chemistry A, vol. 104, no. 10, pp. 2112–
2119, Mar. 2000, doi: 10.1021/jp9938056.
[162] M. Banno, K. Ohta, S. Yamaguchi, S. Hirai, and K. Tominaga, “Vibrational Dynamics of
Hydrogen-Bonded Complexes in Solutions Studied with Ultrafast Infrared Pump−Probe
Spectroscopy,” Accounts of Chemical Research, 2009, doi: 10.1021/ar9000229.
[163] N. Altangerel et al., “Coherent stokes Raman spectroscopy of pyridine in gas-phase at low
temperature,” 2016, doi: 10.1364/cleo_at.2016.jtu5a.147.
[164] I. Noda, “Generalized two-dimensional correlation method applicable to infrared, Raman,
and other types of spectroscopy,” Applied Spectroscopy, 1993, doi:
10.1366/0003702934067694.
[165] K. C. Chua, V. Chandran, U. R. Acharya, and C. M. Lim, “Application of higher order
statistics/spectra in biomedical signals-A review,” Medical Engineering and Physics. 2010,
doi: 10.1016/j.medengphy.2010.04.009.
[166] A. Swami, G. B. Giannakis, and G. Zhou, “Bibliography on higher-order statistics,” Signal
Processing, 1997, doi: 10.1016/S0165-1684(97)00065-0.
[167] I. Noda, A. E. Dowrey, C. Marcott, G. M. Story, and Y. Ozaki, “Generalized twodimensional correlation spectroscopy,” Applied Spectroscopy, 2000, doi:
10.1366/0003702001950454.
[168] Y. Wu, L. Zhang, Y. M. Jung, and Y. Ozaki, “Two-dimensional correlation spectroscopy in
protein science, a summary for past 20 years,” Spectrochimica Acta - Part A: Molecular
and Biomolecular Spectroscopy, vol. 189, pp. 291–299, 2018, doi:
10.1016/j.saa.2017.08.014.

117

[169] Z. You et al., “Food Research Applications of Two-Dimensional Correlation
Spectroscopy,” Applied Spectroscopy Reviews, vol. 50, no. 10. Taylor and Francis Inc., pp.
840–858, Nov. 26, 2015, doi: 10.1080/05704928.2015.1087402.
[170] L. Hou and P. Wu, “Exploring the hydrogen-bond structures in sodium alginate through
two-dimensional correlation infrared spectroscopy,” Carbohydrate Polymers, vol. 205, pp.
420–426, Feb. 2019, doi: 10.1016/j.carbpol.2018.10.091.
[171] S. W. Kuo and W. C. Liu, “Miscibility enhancement through hydrogen bonding interaction
of biodegradable poly(3-hydroxybutyrate) blending with poly(styrene-co-vinyl phenol)
copolymer,” Journal of Applied Polymer Science, vol. 119, no. 1, pp. 300–310, Jan. 2011,
doi: 10.1002/app.32528.
[172] “Use of Raman Spectroscopy and 2D-COS for the Detection and Characterization of
Chemical
Interactions
|
Spectroscopy
Online.”
https://www.spectroscopyonline.com/view/use-raman-spectroscopy-and-2d-cos-detectionand-characterization-chemical-interactions (accessed Sep. 14, 2020).
[173] T. H. Kauffmann, N. Kokanyan, and M. D. Fontana, “Use of Stokes and anti‐Stokes Raman
scattering for new applications,” Journal of Raman Spectroscopy, vol. 50, no. 3, pp. 418–
424, Mar. 2019, doi: 10.1002/jrs.5523.
[174] I. Noda, “Vibrational two-dimensional correlation spectroscopy (2DCOS) study of
proteins,” Spectrochimica Acta - Part A: Molecular and Biomolecular Spectroscopy, 2017,
doi: 10.1016/j.saa.2017.06.034.
[175] G. O. Ariunbold, Y. V. Rostovtsev, V. A. Sautenkov, and M. O. Scully, “Intensity
correlation and anti-correlations in coherently driven atomic vapor,” Journal of Modern
Optics, 2010, doi: 10.1080/09500341003777905.
[176] G. O. Ariunbold, G. S. Agarwal, Z. Wang, M. O. Scully, and H. Walther, “Nanosecond
Dynamics of Single-Molecule Fluorescence Resonance Energy Transfer,” Journal of
Physical Chemistry A, 2004, doi: 10.1021/jp037609h.
[177] G. S. Agarwal, G. O. Ariunbold, J. Von Zanthier, and H. Walther, “Nonclassical imaging
for a quantum search of trapped ions,” Physical Review A - Atomic, Molecular, and Optical
Physics, 2004, doi: 10.1103/PhysRevA.70.063816.
[178] S. R. Ryu, W. M. Bae, W. J. Hong, K. J. Ihn, and Y. M. Jung, “Characterization of chain
transfer reaction during radical polymerization of silver nanocomposite
polyvinylpyrrolidone by using 2D hetero-spectral IR/NMR correlation spectroscopy,”
Vibrational
Spectroscopy,
vol.
60,
pp.
168–172,
May
2012,
doi:
10.1016/j.vibspec.2011.12.009.

118

[179] H. Shinzawa, K. Awa, and Y. Ozaki, “Compression effect on sustained-release and water
absorption properties of cellulose tablets studied by heterospectral two-dimensional (2D)
correlation analysis,” Analytical Methods, vol. 4, no. 6, pp. 1530–1537, Jun. 2012, doi:
10.1039/c1ay05392b.
[180] G. O. Ariunbold, B. Semon, S. Nagpal, and Y. Rostovtsev, “Ultrafast dephasing in
hydrogen-bonded pyridine-water mixtures,” 2021, https://doi.org/10.1515/phys-2021-0027
[181] Y. M. Jung and I. Noda, “New approaches to generalized two-dimensional correlation
spectroscopy and its applications,” Applied Spectroscopy Reviews, 2006, doi:
10.1080/05704920600845868.
[182] R. Yang et al., “Discrimination of sesame oil adulterated with corn oil using information
fusion of synchronous and asynchronous two-dimensional near-mid infrared spectroscopy,”
European Journal of Lipid Science and Technology, vol. 119, no. 9, pp. 1600459–1600459,
Sep. 2017, doi: 10.1002/ejlt.201600459.
[183] R. Guo et al., “A preliminary study on constructing a high-dimensional asynchronous
spectrum to analyze bilinear data,” Spectrochimica Acta - Part A: Molecular and
Biomolecular Spectroscopy, vol. 216, pp. 76–84, Jun. 2019, doi: 10.1016/j.saa.2019.03.008.
[184] R. Guo et al., “A novel systematic absence of cross peaks-based 2D-COS approach for
bilinear data,” Spectrochimica Acta - Part A: Molecular and Biomolecular Spectroscopy,
vol. 220, pp. 117103–117103, Sep. 2019, doi: 10.1016/j.saa.2019.05.008.
[185] M. Thomas and H. H. Richardson, “Two-dimensional FT-IR correlation analysis of the
phase transitions in a liquid crystal, 4′-n-octyl-4-cyanobiphenyl (8CB),” Vibrational
spectroscopy, vol. 24, no. 1, pp. 137–146, Sep. 2000, doi: 10.1016/S0924-2031(00)000862.
[186] S. Morita, H. Shinzawa, I. Noda, and Y. Ozaki, “Perturbation-correlation moving-window
two-dimensional correlation spectroscopy.,” Applied spectroscopy, vol. 60, no. 4, pp. 398–
406, Apr. 2006, doi: 10.1366/000370206776593690.
[187] Y. Nishikawa, T. Nakano, and I. Noda, “Molecular interaction of polyimide films probed
by using soft-pulse dynamic compression ATR time-resolved infrared and double Fouriertransform based 2D-IR spectroscopy,” Vibrational Spectroscopy, vol. 72, pp. 79–89, May
2014, doi: 10.1016/j.vibspec.2014.02.011.
[188] I. Noda, “Double two-dimensional correlation analysis-2D correlation of 2D spectra,” in
Journal of Molecular Structure, Jun. 2010, vol. 974, no. 1–3, pp. 108–115, doi:
10.1016/j.molstruc.2009.11.048.
[189] I. Noda, “Projection two-dimensional correlation analysis,” in Journal of Molecular
Structure, Jun. 2010, vol. 974, no. 1–3, pp. 116–126, doi: 10.1016/j.molstruc.2009.11.047.
[190] H. Transform and O. Koskivaara, “Essay MATS315 Fourier Analysis,” 2015.
119

APPENDIX A
ADDITIONAL DIAGRAM
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Figure A.1

The contour plots for asynchronous 2D-COS function as defined in Eq. 5.3 are
shown. Color codes are the same as in Fig. 5.4. Data for 3 probe delays shown.

(Reprinted with permission from [150])

Figure A.1 shows the experimental results of the asynchronous autocorrelations of
CARS/CARS (column 1), CSRS/CSRS (column 2), and cross-correlation of CARS/CSRS
(column 3). The correlation contours are plotted for three different time delays of the probe pulse
(2 ps: top row, 3.4 ps: middle row, 4ps: bottom row). These plots reveal the sequential changes (in
terms of concentration) in pyridine water mixtures' two vibrational modes. Results discussed in
section 5.3.4 are supported by these plots. The features that have not been discussed, such as the
missing correlation peak in CARS autocorrelation, which is present during all three time delays,
in CSRS autocorrelation at the ring bending mode (1035 cm-1), are open for speculation [150].
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