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ABSTRACT

Coherent anti-Stokes Raman scattering (CARS) microspectroscopy is a nonlinear spectroscopy
and imaging technique that probes the vibrational and rotational modes of the molecule, enabling
chemical-selective microscopy. Over the past years, CARS has found applications in a wide range
of fields such as tumor imaging, gas sensing, and flow cytometry. More recently, commercial com-
ponents and even a microscopic solution dedicated to CARS has become available. This research
is devoted to the development of a high-speed, high-sensitivity CARS microspectroscopy system
for chemical and biomedical analysis.

We started with an easy-to-implement CARS scheme based on ultrafast pulse shaping of single
laser beam. We demonstrated an improved setup that achieved higher epi-detection efficiency as
compared to earlier experiment, and allowed low-wavenumber Raman band detection below 100
cm~t. We further simplified our setup by adopting a folded pulse-shaper design, and incorporated
the femtosecond adaptive spectroscopic technique (FAST) developed earlier in the group to achieve
versatile single-beam CARS detection with significant nonresonant background suppression. Fi-
nally, through utilizing the phase information contained in the signal, we devised and implemented
an upgraded system by adopting heterodyne detection in the single-beam CARS setup to achieve
high speed spectral detection with background suppression. We have also combined spectral de-
tection and pulse shaping in the setup so as to achieve a one-box-solution for CARS measurement.

To further extend the Raman detection range, it is necessary to incorporate means of wave-
length extension to achieve broadband excitation. We studied the supercontinuum (SC) generation
in large mode area photonic crystal fiber pumped by an industrial picosecond laser. Such an ex-
tension unit allowed a simultaneous Raman excitation bandwidth of over 3000 cm~!. We built a
multiplex CARS system based on this SC source, and demonstrated its applicability through imag-
ing standard samples. We further constructed a laser-scanning CARS microscope that can provide
high spectral resolution and acquisition speed, and showed its capability in 3-dimensional scanning

CARS microscopy.
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In order to boost CARS imaging speed, we also experimented with the wide-field CARS
scheme, in which CARS excitation was performed over a large area simultaneously. Using the
high-power SC source, we combined the wide-field CARS with multiplex CARS excitation scheme,
such that a broad range of Raman modes over a significant spatial region were excited, and CARS
image was obtained by applying a corresponding filter. We showed chemical-selective imaging us-
ing standard polymer microsphere samples, and demonstrated video-rate CARS microscopy using

this setup.
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1. INTRODUCTION: FROM SPONTANEOUS RAMAN SCATTERING TO COHERENT
RAMAN SCATTERING

1.1 Spontaneous Raman scattering spectroscopy and applications

During his trip through the Mediterranean sea in 1921, C. V. Raman proposed that sunlight
scattered from the ocean contained, besides the normal elastic Rayleigh scattering, an additional
portion that arose from the water molecules [1]. Over the next seven years, Raman and his students
had conducted theoretical as well as experimental investigations on this scattering phenomenon,
and had published the well-known Nature paper in 1928 [2]. An interesting fact is that during
the same time, other groups of scientists around the world had also worked on the same problem,
including the theoretical works done by Smekal [3] and Rocard [4], and the experimental demon-
strations by Cabannes [5] and Mandelstam [6]. Raman was soon awarded the Nobel Prize for his
contribution, and the newly discovered effect was named after him. Numerous studies were con-
ducted in the following decades, with more than 2500 chemical compounds tested using the new
Raman spectroscopy [1]. Still, the Raman scattering is in general much feebler than Rayleigh scat-
tering [7], with approximately 1 in 107 incident photons being scattered due to the Raman effect.
Therefore, further development of Raman spectroscopy for chemical analysis was hindered until
the advent of laser technology [8, 9].

In 1961, the first laser-based Raman spectroscopy experiment was demonstrated [10], and since
then the practice of Raman spectroscopy had been revolutionized. Benefiting from the high bright-
ness of the powerful laser sources, improved efficiency of the spectrograph, and development of
sensitive detectors like photomultiplier tube (PMT) and charge-coupled device (CCD) [11], there
had been an upsurge in applying the Raman spectroscopy to biochemical research [12, 13]. More-
over, advancement in technologies had led to novel schemes in implementing Raman spectroscopy,
such as Fourier transform Raman, resonance Raman, and surface enhanced Raman spectroscopy

(SERS) [14]. Also, Raman spectroscopy was combined with high-resolution microscopy tools



to achieve Raman microspectroscopy and confocal Raman microscopy, enabling the detection of
chemical distribution and dynamics at the microscopic scale [15, 16]. Commercial benchtop Ra-
man systems had also become available since the 90s [11]. Nowadays, Raman spectroscopy has
been applied to a variety of disciplines. Examples include structure determination and active sub-
stance identification in drug analysis [17], characterization of 2D materials [18], mapping mineral
phases in petrographic analysis [19], study of pigments and dyes on historical art works [20], and
even chemical analysis in outer space projects [21].

Besides molecular sensitivity, there are other advantages that make Raman spectroscopy a pop-
ular technology. It is intrinsically noninvasive, and the excitation laser wavelength can be chosen
to minimize damage to samples like cells and tissues. By using visible or near infrared lasers,
the examination spot can be focused down to sub-micron level, enabling microspectroscopy of
tiny structures. Also, unlike IR spectroscopy, Raman spectroscopy is capable of analyzing aque-
ous solution, as water does not present significant signals or absorption. Last but not least, the
implementation of Raman spectroscopy has been greatly facilitated thanks to the advancement in
lasers and optics. A common Raman spectroscopy setup includes: an excitation laser, optional
light focusing and collection element, a spectrograph, and a multichannel detector. These can be
configured into a high-end table-top microscope system that provides excellent spectral and spatial
resolution, or into a handheld system with a high degree of integration that can be applied for field
analysis [11, 15, 22]. Figures 1.1a and 1.1b are pictures showing the latest commercial table-top
and handheld Raman systems, respectively.

But even with the assistance of lasers, the low scattering cross-section of the spontaneous Ra-
man effect still requires in relatively long integration time on the detector, typically from seconds
to hours. Techniques like line-scanning or wide-field imaging have been applied to improve the
throughput, yet they suffer from other problems like field-curvature artifacts and spatial resolution,
and the imaging speed is still not enough for most clinical applications [23]. Another major draw-
back of the spontaneous Raman spectroscopy is the commonly-presented fluorescent background,

which is often strong and therefore veils the weak Raman signals— especially when detecting
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Figure 1.1: Commercial (a) table-top (LabRAM HR Evolution, Horiba) and (b) handheld (First-
Guard, Rigaku) Raman systems.

samples with complicated molecular structures such as biological cells and tissues. Therefore,
people started researching on other methods that can overcome these issues, such as plasmonic

enhancement and nonlinear Raman techniques.
1.2 Coherent anti-Stokes Raman scattering
1.2.1 Brief review

Coherent anti-Stokes Raman scattering (CARS) was first reported in 1965 by Maker and Ter-
hune at the Ford Motor Company [24]. They observed a blue-shifted signal generated in benzene
when tuning the two incident lasers such that their frequency difference matched the benzene Ra-
man mode. However, the more commonly used acronym ‘CARS’ was not coined until a decade
later [25, 26]. A CARS-based microscope was demonstrated in 1982 [27], followed by a few other
CARS implementations in the following years [28, 29, 30], but further adoption of the technology
by the wider scientific society was hindered due to the limitation in laser technology at the time,
as well as the complication in satisfying phase-matching condition in the target sample.

It was not until 1999 when Zumbusch and Xie demonstrated that phase-matching condition
could be satisfied under tight-focusing using high numerical aperture (N.A.) objective [31]. To-

gether with the advancement in ultrafast laser technologies, CARS microspectroscopy has become



practical and popular, and the following decade had witnessed an astonishing growth of the field.
On one hand, novel schemes continued to expand the technology— improving the detection range
[32, 33, 34], enhancing the signal level and pushing the acquisition rate to the limit [35, 36, 37],
and in the meantime suppressing the unwanted background signals [38, 39, 40]. On the other
hand, CARS has found applications in a wide range of studies, such as biochemical imaging of
cells and tissues [41], gas-phase analysis [42], and characterization of new materials [43]. Some
excellent review articles that focused on the implementations and applications of the technology

are available for further reading [44, 45].
1.2.2 Theoretical treatment

CARS is a third-order nonlinear process, and is a special type of four-wave mixing (FWM)
process. In the following, we will follow a perturbative treatment of the CARS process [46].
This assumes the excitation field are much weaker than the molecular binding field, otherwise a
non-perturbative deduction is required [47]. From the semi-classical nonlinear optics theory, the
density matrix equation can be written as:

dpnm —1 - ~
_ H _ — ). 1.1

Here p,,,,, represents the entry of the density matrix p of the target system, and H is the Hamil-
tonian that indicates system evolution and interaction with external fields. We have also added
a phenomenological damping term, with ,,, being the decay rate and p{l the entry value at
equilibrium. We assume that 7,,,, = Ymn, and pS3 = 0 for n # m. Then we can write the

external-field-interaction as a perturbation term in the Hamiltonian:

H=Hy+V(t)=Hy—ji-E(), (1.2)



where /i is the dipole operator and E(t) is the external field. Denoting the internal energy levels of

the target sample as F;, we have, for the unperturbed Hamiltonian ﬁoz
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Further, we denote the transition frequency w,,,, = %, then Eq. 1.1 can be written as:
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Following the perturbation theory, we expand the density matrix as p = p(® + pM) + p(@) 4
with the superscript number representing the order of perturbation. Therefore the evolution of the

density matrix can be separated according to this order:
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Ignoring the zeroth-order effect and set p;% = pod . we can reach a solution for the first order

perturbation by integrating both sides of Eq. 1.6:
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Expressing the interaction term as V,,s(t) = p,s - E(t), the above integration can be carried out and

simplified:
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where we have assumed the external field has a discrete spectrum E(t) = 3 E(w,)e*'. Then,



by using the polarizability relation P=N tr(iip) = eoxV) - E, we can obtain the susceptibility

tensor as:
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This leads to a lengthy expression for the third-order nonlinear susceptibility:
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in which the sign PM means a permutation over possible combinations of frequency indices r, s,

and ¢, and in the meantime changing the Cartesian indices j, k, and 1 correspondingly. By splitting



the subtraction term containing p(%), this results in an expression with 48 different terms.

A simpler way to understand the CARS process is through the energy diagram plots: two
photons with frequencies wp and wy, are absorbed, which are referred to as the pump and probe
photon, respectively; and a photon with frequency wyg is emitted, known as the Stokes photon. The
emitted signal photon will have frequency w,s = wp — ws + wy. Such a process is characterized
by the nonlinear susceptibility ) (ws; wp, —ws, wpr), and Fig. 1.2 shows two diagrams indicating
two different interaction paths. Figure 1.2a represents one possible path for the CARS process, in
which the pump and the Stokes photon satisfy the resonance condition w;; — wp — ws = 0 and
the difference frequency addresses the vibrational level in the target. This will, in general, result
in a resonance enhancement in the x® value, leading to a peak signal when tuning the difference
frequency across the resonance. Note that there are other pathways that also lead to such resonance
enhancement in CARS signals. On the other hand, Fig. 1.2b shows an example of a process that
does not involve the lower vibrational levels, and will contribute as a background signal that does
not show resonant peaks when tuning the difference frequency. The latter case is known as the
nonresonant background. Similar graphic explanation using the double-sided Feymann diagram
has also been demonstrated [44, 46].

For simplicity, we assume that all fields share the same polarization, and ignore the Cartesian
indices. Also, we combine all the nonresonant path contributions and write it as one effective term
in the susceptibility. Therefore the third-order susceptibility relating to the CARS process can be

simplified as [44]:
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Here the first term g represents the resonant contribution from the CARS process, and xng is the
nonresonant background. The sum in the xr term runs over all possible Raman modes, and €2,

and v, are their corresponding frequencies and decay rates. As expected, we will see significant
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Figure 1.2: Energy diagrams corresponding to (a) coherent anti-Stokes Raman scattering (CARS)
and (b) nonresonant background signal generation.

enhancement when the resonant condition wp — ws = €2, is met. The CARS signal is then given
by [48]:
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with Ep(wp), Es(ws) and E(wy,) representing the pump, Stokes, and probe field, respectively.

Therefore with given excitation field, we can calculate the CARS signal level. It is worth pointing

out that typical CARS spectrum is different from the spontaneous Raman spectrum /raman, Which

satisfies Jraman X Im(xr) to a first degree approximation [26]. Also note that we have neglected

the coefficient arising from the phase-matching condition in Eq. 1.16, which can be obtained

by solving the beam propagation equations [46]. A detailed treatment of the theory under tight-

focusing condition can be found elsewhere [44].



1.2.3 Commonly used schemes

In the following we list some of the commonly adopted CARS microspectroscopy schemes

according to earlier classification [45], and briefly explain their implementations.
Narrowband CARS

The narrowband CARS scheme employs a pair of laser oscillators with their output synchro-
nized in time, producing two trains of narrowband picosecond pulses with negligible time jitter
[49]. One is used as the degenerate pump and probe beam, and the other as the Stokes beam. The
wavelength difference between the two beams is tunable, allowing the system to address different
Raman bands. The two beams are combined to propagate collinearly and sent to the microscope,
where they are focused onto the sample by a high N.A. objective lens. For transparent sample, for-
ward scattered light is collected by another objective on the other side, while for opaque samples
back scattered light is gathered by the same focusing objective. The collimated beam is sent to the
detection element, typically a PMT, after passing a short-pass filter to get rid of the excitation light.
Microscopy is achieved by collecting the scanning signal— either by moving the sample stage or
by raster scanning the laser focus across the sample using galvonometric mirrors. Also, shifting
the focus in the axial (z) direction allows depth-resolved three-dimensional imaging.

The major advantage of the narrowband CARS setup is its fast acquisition speed, allowing
signal collection on the microsecond time scale, therefore enabling high-speed CARS imaging
[35]. Another merit is the intrinsic high spectral resolution (~10 cm™!) offered by the picosecond
laser. Also, by using laser wavelength in the near infrared (NIR), deeper penetration into biological
sample is possible, and less photo damage is imposed as compared to visible excitation. Dedicated
objective can be chosen to offer high spatial resolution and sectioning capability thanks to the
multiphoton nature of the CARS process. Such a setup has also been applied in stimulated Raman
scattering microscopy [44], with additional components used to modulate the input pulses.

Still, there are several limitations coming with the scheme. First is that only one Raman band

can be addressed at a time, and selective imaging of multiple bands requires tuning of the system,



during which instability and jitter arises. Secondly, separating the nonresonant background from
the signal is difficult, therefore imaging are mostly done using the strong C-H stretching signals
that suffer less distortion due to the background. Also, the complicated laser system and electronics
are intimidating, in terms of both cost and maintenance, for users in other disciplines. There have
been other modified schemes based on the narrowband excitation principle, such as polarization
CARS [38], frequency modulation CARS [38], and heterodyne CARS [36]. These modifications

provide solutions to the background issue, but impose further complications to the system.
Broadband CARS

Another widely adopted scheme, known as the broadband/multiplex CARS scheme, uses a
broadband femtosecond laser instead of a narrowband picosecond laser to provide the Stokes beam.
Detection is performed using a spectrometer with a multichannel detector like CCD camera. In this
way a broad range of Raman bands can be stimulated and detected simultaneously, and scanning
the laser focus results in a hyperspectral image in which each pixel contains the whole spectral in-
formation of the sample. The broadband pulse can be obtained directly from the laser, as in many
single-beam CARS setups [50], which will be the subject of later chapters. It can also be obtained
through wavelength extension methods, such as supercontinuum (SC) generation in photonic crys-
tal fibers (PCF) [51]. Both methods eliminate the need for laser synchronization as in narrowband
CARS system. Through broadband intrapulse excitation, both the fingerprint region and the C-H
stretching region can be excited efficiently, resulting in a total detection bandwidth over 3000 cm ™!
[37]. Another advantage of the broadband CARS scheme is the capability of extracting CARS sig-
nal from the background through post-processing methods employing maximum entropy [52] or
Kramers-Kronig relation [53].

However, the unbalanced temporal durations of the picosecond pump/probe beam and the fem-
tosecond Stokes beam in the multiplex CARS setup lead to less efficient generation of CARS signal
as compared to the narrowband CARS scheme, resulting in a longer integration time, typically on
the order of milliseconds [54]. Also, limitations in the CCD technology has also prevented the

acquisition rate to go beyond kHz level— a problem that could be mitigated by the fast-growing
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complementary metal-oxide-semiconductor (CMOS) imaging technology [55]. Moreover, the use
of broadband light has imposed more restrictions on the optics, especially when using femtosecond
pulses which requires careful dispersion control.

It 1s worth noting that narrowband excitation can also be achieved using femtosecond laser
sources, through spectral focusing [56] or coherent control [S0]. There have also been demon-
strations of broadband CARS using all-fiber-based [54] or microchip laser sources, which are

promising solutions for portable and robust CARS devices in the future.
Time and frequency domain CARS

The time-domain CARS technique relies on the temporal characteristic of the CARS signal
generation— while nonresonant background signal is instantly generated during the overlapping
period between the excitation pulses, the CARS process allows certain coherence lifetime depend-
ing on the decay term 7,,, in Eq. 1.1, and therefore CARS signal shows different decay curve as
compared to the nonresonant background when changing the relative delay between the pulses. A
time-resolved CARS scheme utilizing this characteristic was first demonstrated using an amplified
Ti:Sapphire laser and an optical parametric amplifier (OPA), in which the wavelength of the two
output pulses are tuned to match a specific Raman resonance of the sample, and the delay between
the pulses was scanned to record time-dependent CARS signal [57]. The scheme addressed a rel-
atively narrow spectral region (< 200 cm~!), and was able to measure the Raman free induction
decay. Later, detection covering broad-range of Raman bands was achieved using the SC from
fibers [58]. Moreover, temporal shape of the probe pulse can be optimized using the femtosecond
adaptive spectroscopic technique (FAST) [40] or dedicated spectral filter [59] to achieve optimal
signal-to-background ratio.

An equivalent scheme is to use Fourier transform to retrieve the CARS signal [60]. Here a
single broadband femtosecond pulse is used for intrapulse excitation of multiple Raman bands.
By passing the pulse through a Michelson interferometer, it is split into two replica, serving as
the pump and probe, respectively. By monitoring the variation of the generated anti-Stokes signal

as the pulse delay changes, a fringe pattern can be recorded, which, after Fourier transform, can
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be used to extract the CARS spectrum. Improvement using heterodyne detection has also been
demonstrated, in which an additional reference beam is introduced as the local oscillator (LO)
[61]. However, such delay scanning is typically slow, and limits the possible frame rate in imaging.
More recently, fast scanning methods has been proposed which can run up to 20000 spectra per
second [62] and scanning a wide field-of-view [63], showing potential for high-speed microscopic

applications in the future.
1.3 Section overview

The rest of the dissertation is organized as follows. In Chapter 2, we introduce the single-beam
CARS scheme in more details, and demonstrate our setup of pulse shaping without spatial light
modulator. Moreover, we compare the collection of back-scattered CARS signal using our setup
with that used in previous work, and show an enhanced epi-detection efficiency. Also, we demon-
strate our capability in low-wavenumber Raman band detection, which is enabled by the spatial
filtering through our pulse shaper. This can serve as an inexpensive alternative to the commonly
used interference filters.

In Chapter 3, we further simplify our single-beam setup, and incorporate the FAST CARS
technique to achieve a versatile single-beam FAST CARS system, which is easy to work with and
allows various beam geometries for excitation and collection. Furthermore, by exploiting the phase
relation between the CARS signal and the FWM background, heterodyne detection can be achieved
through fast modulation of the probe delay, allowing an increased signal acquisition speed in our
pulse shaper. We also demonstrate the incorporation of spectral detection into the pulse shaper,
providing a compact module for beam modulation and CARS signal acquisition.

Chapter 4 is devoted to SC generation in large-mode area (LMA) PCF, and we apply this
SC source in our CARS microspectroscopy setup. Effects of different fiber parameters on the
SC generation are analyzed, and we show that a broadband SC pulse extending beyond 1600

1 can be achieved. We

nm, corresponding to an effective Raman detection range over 3000 cm™
demonstrate its applicability in multiplex CARS scheme, and show the capability of the CARS

microscope based on this novel source.
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We further explore another CARS imaging scheme, known as the wide-field CARS, in Chapter
5, in order to enhance the acquisition speed of CARS microscopy. Here CARS imaging is achieved
in a similar fashion as that in the bright-field microscopy— by directly illuminating and imaging
a wide area on the sample. Selective imaging with regard to different Raman band is achieved by
applying different filters in the signal beam path. We demonstrate a multiplex wide-field CARS
setup using the high-energy SC source from LMA PCF, and show chemical selectivity in imaging
polymer bead samples. Video-rate imaging is also demonstrated, followed by discussions on its

limitations and possible advancement.
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2. LOW WAVENUMBER EFFICIENT SINGLE-BEAM COHERENT ANTI-STOKES
RAMAN SPECTROSCOPY *

This chapter focuses on the single-beam CARS spectroscopy scheme. First, 4f pulse shaping
technique is introduced, which forms the foundation of most single-beam CARS setups. Next,
the development of different single-beam CARS schemes is reviewed, with an emphasis placed
upon those implementing spectral holes to achieve CARS detection. Following this track, we
demonstrate our single-beam CARS setup using a spectral hole. Its capabilities in both forward
and backward detection in the low-wavenumber regime are examined, and we show an improved
efficiency in the back-scattered signal collection as compared to earlier works. Finally we discuss
possible improvements such as further extending the detection limit into the low wavenumber

region.
2.1 Single-beam coherent anti-Stokes Raman scattering spectroscopy
2.1.1 4f pulse shaping

This technique is generally referred to as Fourier transform pulse-shaping [64], where the laser
light is spatially dispersed into different frequency components on the so-called ‘Fourier plane’,
and each component is modulated separately to produce the desired pulse shape. Such a shaping

mechanism can be described in the frequency domain as a transformation of the laser field:

Eou(w) = Ep(w)H (w), (2.1)

where Eqy(w), Ein(w), and H(w) are the output electric field, input electric field, and the trans-
formation function, respectively. Note that H(w) is the Fourier transform of the better-known
response function h(t) of the system. A simple example is that when there is no modulation, we

have h(t) = §(t) and therefore H(w) = 1, so that no change is imposed on the input pulse.

*Reprinted with permission from "Low wavenumber efficient single-beam coherent anti-Stokes Raman scattering
using a spectral hole" by Y. Shen, D. V. Voronine, A. V. Sokolov, and M. O. Scully, 2015. Optics Letters, 40, 1223-
1226, Copyright [2015] by Optical Society of America.
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Figure 2.1: A typical layout of the 4f pulse shaping system. G: grating; L: lens, with focal length
denoted as f; H(w): the phase function implemented by the modulator.

A general layout of the 4f pulse shaper is shown in Fig. 2.1. The input pulse is separated
into different frequency components by a dispersion element— which is given as a grating in Fig.
2.1, but it can also be replaced with a prism for broadband application [65], or a virtually imaged
phased-array for comb-resolved fine shaping [66]. The angularly dispersed frequency components
are then focused to diffraction-limited spots at the back focal plane of the first focal element—
which is performed by a lens in Fig. 2.1. This plane is referred to as the Fourier plane, because
the dispersion and focusing element (grating) effectively performs a Fourier transform on the input
pulse that converts the angular dispersion to a spatial separation of different frequency components.
Pulse shaping is then achieved by applying spatially patterned mask or programmable spatial light
modulator (SLM) to change the amplitude and phase of each frequency components. The light then
passes through the second focusing element (lens) to combine different frequency components on
the second dispersion element (grating), providing a collimated output pulse with desired pulse
shape. Because all major elements are separated by one focal length of the focusing element,

making the total length of the setup four times the focal length as shown in Fig. 2.1, thus the name
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4f pulse shaper. The key idea here is that waveform synthesis is achieved by parallel modulation
of all frequency components in the Fourier plane, therefore femtosecond-time-scale control on the
ultrashort pulse can be achieved without the need of ultrafast modulators [64].

Commonly used SLM include liquid crystal modulator (LCM), acousto-optic modulator (AOM),
and deformable mirror (DM). Liquid crystal consists of long, thin, rod-like molecules, which will
rotate under the application of external electric field. This, in turn, will change its refractive index
for light with certain polarization. LCM is made under such principle— by constructing arrays
of small liquid crystal element with electrodes, precise rotation of the molecule can be achieved
through voltage control on the electrode. This is then translated into a phase change on the light
propagating through it. Modern LCM typically contains thousands of pixels, with modulation rate
up to the kHz range.

On the other hand, AOM uses standing acoustic wave in a transparent crystal, typically TeOo,
driven at radio-frequency (RF) by piezoelectric transducer. Different patterns are produced by
changing the RF drive waveform. Unlike the LCM which suffers from pixellation effect, the
modulation in the Fourier plane in AOM is continuous, with possible refreshing rate up to MHz.
But this also limits the application of AOM to oscillators with high pulse repetition rate. Also,
AOM is intrinsically less efficient due to crystal nonlinearities.

Lastly, deformable mirror modulates the light through the deformation of a reflecting thin mem-
brane or a semipassive bimorph structure. Deformation is achieved by the piezoelectric actuators
beneath the membrane. Such mirrors have been widely used for wavefront corrections [67]. As
compared to the other two SLMs, DM has less effective element for pulse shaping, but enjoys a
high efficiency and wider applicable wavelength range into the IR [68]. More detailed discussions
on the principles and comparison between different types of modulators can be found in earlier

reviews [69, 70].
2.1.2 Single-beam coherent anti-Stokes Raman spectroscopy scheme

As we have seen in the previous chapter, the strength of the Raman signal can be increased by

generating vibrational coherence using pump and Stokes laser fields [31, 33, 36, 44], and the non-
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resonant background can be eliminated through a variety of modifications [57, 40, 37]. However,
these schemes typically require recombining of multiple beams, which involve alignment of ultra-
short pulses to overlap both temporally and spatially. A simplified version of CARS that uses only
a single laser beam has also been demonstrated [S0]. The scheme was based on coherent modu-
lation of the input femtosecond pulse— by applying periodic phase pattern in the 4f pulse shaper,
the original transform-limited input pulse will be broken into a train of pulses, with temporal sep-
aration directly related to the modulation period in the frequency domain [50]. In a time-domain
picture, when this separation matches the period of a vibrational mode, this vibration is in reso-
nance, creating strong anti-Stokes signal. Then by recording the signals at different modulation
frequencies using the SLM, a CARS spectrum can be retrieved by performing Fourier transfor-
mation on the temporal signal. This method can suppress the nonresonant background, and has
been extended to other schemes using heterodyne [71], time-resolved [72], or Fourier transform
interferometric measurement [73].

Given that it is relatively time-consuming to scan over different modulation period, another type
of single-beam CARS scheme has been devised, in which a narrowband probe is created through
the pulse shaper— typically by applying a 7 phase shift over a narrowband region on the SLM.
Therefore, the broadband portion that is not modified serves to create strong impulsive excitation
on various vibrational modes, and the narrowband probe produces corresponding features on the
anti-Stokes signal [39]. In this way, CARS spectra are detected directly by multichannel detectors.
This was followed by several variations [74, 75], and has been applied to stand-off detection [76,
77]. It is worth noting that most of the single-beam methods utilize spatial-light modulators such
as AOM or LCM for pulse shaping.

Recently, Silberberg and coworkers have demonstrated the technique of single-beam CARS
with a spectral notch/hole. Similar to the single-beam scheme mentioned above, a broadband
femtosecond pulse was used to provide the pump and Stokes field, but the probe was generated by
blocking a narrowband region in the frequency domain, as shown in Fig. 2.2. This was achieved

using either a 4f pulse shaper or a resonant photonic crystal slab [78, 79, 80]. From Eq. 1.16, the
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following expressions can be used to give the single-beam CARS signal using a spectral hole [39]:

Ew—-1Q)

3) - B S

P (w) = Cr/dQQ rowen WRA(Q), (2.2)
P¥(w) = C’m/dQE(w — Q)A(Q). (2.3)

Here F/(w) is the electric field of the input pulse. s (w) and prY (w) are the resonant and non-
resonant contributions to the third-order polarization, corresponding to yr and yng, respectively.
And C, and C,, are their amplitude coefficients. Also we have A(Q) = [ dwE*(w — Q)E(w), and
(g and g are the characteristic Raman shift and decay rate, respectively. The polarizations are
linked to the CARS signal in Eq. 1.16 via Icags o |[P® 2 = |[P®) + PY[2. In the single-beam
CARS scheme, the spectral hole corresponds to a narrowband portion in F/(w), and therefore has a
minor effect on Pn(r3 ) On the other hand, due to the denominator in Eq. 2.2, sharp features in F(w)
originating from the spectral hole are manifested in P but shifted by k. This is shown in Fig.
2.2a in the frequency domain as a blue-shifted non-linear signal ’dip’, with a frequency difference
of Qg from the probing spectral hole [79]. In the time domain picture shown in Fig. 2.2b, the
modulated pulse can be seen as a sum of the ultratast pump/Stokes pulse and a long-duration
probe with an opposite phase.

In the following, we demonstrate an approach to detect low wavenumber vibrational signals
using the single-beam CARS with a spectral hole created within a 4f laser pulse shaper [81]. The
setup can be used for both forward- and back-scattered CARS signal detection, and the back-
scattered signal collection yields a higher efficiency as compared to previous single-beam CARS
schemes using beam-splitter [82, 83]. We also show its capability in low wavenumber CARS

spectra detection without using an interference filter. This setup is suitable for characterizing low

wavenumber vibrations such as important conformational modes of complex biomolecules.
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Figure 2.2: Principle of single-beam CARS with a spectral hole. (a) Frequency domain picture,
with narrowband probe wavelength A, and signal wavelength A, that is shifted by the character-
istic vibrational frequency ()g. (b) The time domain picture of the pump/Stokes and probe pulse.

2.2 Low-wavenumber efficient setup using spectral hole
2.2.1 Experimental setup description

The setup is shown in Fig. 2.3. Femtosecond laser pulses with 785 nm center wavelength,
~ 20 fs duration and 80 MHz repetition rate (Micra, Coherent) were shaped by a home built 4f
pulse shaper after dispersion compensation using two prisms [84], and then were focused onto
the sample. At the Fourier plane of the pulse shaper, a needle mounted on translation stages
was used to block a part of the pulse, generating a spectral hole. A knife edge right-angle prism
mirror (MRAK?25-P01, Thorlabs) was placed at the high-frequency portion of the pulse, with the
side facing the input light covered with black paper so as to block the frequency components that
coincides with the CARS signal, while the other side was used to guide the reflected signal out for
detection. The inset in Fig. 2.3 shows a typical spectrum of the excitation pulse with a spectral
hole at 781.5 nm. The cut-off wavelength was fixed at 767.4 nm, and the spectral hole width was
0.9 nm at full-width-half-maximum (FWHM). The input beam size was ~ 1 cm in diameter, with

a power of 70 mW before focusing onto the sample. All liquid samples were kept in quartz cells
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Figure 2.3: Experimental setup for single-beam CARS with a spectral hole. L1 to L5: achro-
matic lenses with f=100 mm; L6: achromatic lens with f=30 mm; G1 to G3: 830 grooves/mm
gold-coated gratings blazed at 800 nm; R: right-angle prism mirror; K: knife edge; OAP: off-axis
parabolic mirror with =20 mm; S: sample; SPF1 and SPF2: short-pass filters; ND1 and ND2:
neutral density filters; FM1 and FM2: flip mirrors; BS: 70/30 beamsplitter. Dashed line represents
the signal path in the back-scattered detection using the beam-splitter scheme. Inset shows the
excitation pulse spectrum with a spectral hole at 781.5 nm.

In the forward detection scheme, light transmitted through the sample was collected by an
achromatic lens and passed through two filters — a 760 nm short-pass filter (FF01-775/SP-25,
Semrock) to suppress the residual excitation pulse, and a neutral-density (ND) filter to prevent
signal saturation. The transmitted signal was then measured with a spectrometer (Surespectrum,
Bruker Optics) and a CCD detector (iDus420, Andor), placed ~ 5m away from the setup to avoid
stray light. For demonstration of back-scattering detection, we used a mirror to retro-reflect the
forward signal generated in the liquid sample [82]. This reflected signal was sent back to the pulse

shaper, and only the blue-shifted CARS signal was picked up by the prism mirror. The reflection
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path including gratings G2, G3 and lenses L2 to LS effectively forms an 8f pulse shaper [85],
which guarantees a second Fourier plane of the anti-Stokes signal formed between L4 and LL5. A
second knife edge was used here to block the residue of the original pulse with frequency close to
the cutoff edge that was partially transmitted/scattered at the knife edge mirror. This transmitted
light was then collimated by the grating and sent to the spectrometer. We have also tested the
scheme in which a beam-splitter was used to guide the back-reflected signal, in order to compare

the detection efficiency— this is depicted by dashed lines in Fig. 2.3.
2.2.2 Result analysis
Simulation and experimental test using carbon tetrachloride

First we present polarization field simulation using Eqgs. (2.2) and (2.3). We assumed a Gaus-
sian input pulse with a bandwidth of 50 nm centered at 800 nm. The short-wave cut-off was at 765
nm, and there was a rectangular spectral hole around 775 nm with a width of 1 nm. Other parame-
ters were set as follows: Qg =400 cm ™!, vg = 10 cm ™!, C; and C,, were chosen such that the effect
of the resonant signal is visible in the total polarization. Calculated |P®)|, \Pn(rg )] and the rescaled
|Pr(3)| are shown in Fig. 2.4a. The cut-off edge at 760nm was a simulation of the short-pass fil-
ter used to eliminate the excitation pulse. Unlike the smooth nonresonant signal, ]Pr(3)| showed a
characteristic dip around 752 nm, shifted from the spectral hole by the Raman frequency (2. The
dip appeared as a ’shoulder’ in the total polarization signal | P®|. In order to obtain a peak-like
spectrum, we simulated two signals with slightly shifted hole positions at 774.05 nm and 775.95
nm, and showed their difference in Fig. 2.4b, in which a peak corresponding to the desired Raman
shift at ~ 400 cm~* appeared [79].

Experimental signals with a spectral hole shift of 0.9 nm obtained from carbon tetrachloride
(CCly) in the forward detection are shown in Figs. 2.4c and 2.4d. The CCD exposure time was set
at 20 ms, which was limited by the hardware. The CARS signals were averaged over 100 spectra.
The difference signal in Fig. 2.4d represents our target CARS spectrum, and shows separated peak

structures corresponding to the CCl; Raman bands, as expected from earlier simulations. The
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Figure 2.4: Simulated and experimental single-beam CARS results with a spectral hole. (a) Sim-
ulated polarization fields: PG (solid black), nonresonant Pn(f’ ) (dashed red), and resonant Pr(?’)
(dotted blue) rescaled by a factor of 40. (b) Intensity difference of two pP®) signals with differ-
ent spectral hole positions. (c) CARS spectra of carbon tetrachloride (CCly) detected with shifted
spectral hole positions. (d) Single-beam CARS signal from CCl, obtained as the difference be-
tween the two spectra in (c). The Raman shift is calculated from the center of the two holes. Blue
vertical lines represent the spontaneous Raman signals.
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deviations of the CARS peak values from the spontaneous Raman data [86] were approximately 3
cm~ !, which could be due to the reading error of the center positions of the two holes, or due to the
lineshape distortion when taking difference spectra. Note that an additional ND filter with 0.7%
transmissivity was placed at the entrance of the spectrometer to prevent CCD saturation. This high
signal intensity results from the strong intrapulse excitation [45], and is beneficial for microscopic

applications as it allows for higher signal detection speed.
Enhanced backward detection efficiency

Early schemes have used beam-splitter to collect back-scattered signals in stand-off single-
beam CARS schemes [82, 83]. As a simple analysis of the efficiency of such schemes, we assign
the four-wave mixing signal obtained without any loss as unity. Then by adding a beam-splitter
in the path, the collected back-reflected signal intensity will be I oc T2(1 — T'), where T is the
transmissivity of the beam-splitter. Here the 7% factor represents a decrease in the four-wave
mixing signal due to the input pulse attenuation, and 1 — 7" is the loss of the back-scattered signal
reflected from the beam-splitter. The maximum detected signal occurs when T is ~ 75%, and in
this case I is ~ 10% of the original signal. For pulses with sufficient energy as in the previous
works, this did not present as a problem. However, for systems in power-starving situations, the
loss due to the beam-splitter is critical, such as in microscopic applications where throughput will
be further attenuated due to other optical losses.

Here we show that by using the pulse shaper for epi-CARS signal collection, detection effi-
ciency can be improved. For comparison, we also implemented the beam-splitter-based setup with
a 70/30 beamsplitter placed before the sample. Extra dispersion introduced by the beam-splitter
was compensated using the prism pair. Figure 2.5 shows the resulting total nonlinear and CARS
signal obtained from CCl,. Our pulse-shaper-based setup gave a ~ three-fold enhancement com-
pared to the beam-splitter-based scheme. Since the same ND filter and exposure time were used
in the earlier-shown transmission detection of CCly, we can also compare this with the forward
detection result in Fig. 2.4 and find that the beam-splitter scheme intensity is about 7% of that

detected in the forward scheme. This is reasonable if we take into account the loss from the quartz
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Figure 2.5: Comparison of two back-reflected detection schemes: pulse-shaper-based (red) and
beamsplitter-based (black) CARS with a spectral hole. (a) Total nonlinear signals, and (b) differ-
ence CARS signal.

cell (~ 15%) and the internal loss from the beam-splitter (~ 17%). The efficiency can be further
improved by increasing the diffraction efficiency of gratings in the pulse shaper, or by implement-
ing more sensitive detectors such as PMT assisted by lock-in amplifier [71]. Other schemes with
high collection efficiency using dichroic mirrors or interference filters can also be used [33, 44, 71],
but suffer from the intrinsic filter-edge limit and pulse distortion in the low-wavenumber region,
which will be shown in the next section. One thing to note is that even though we only com-
pared the back-reflection of forward CARS signals from liquid, our scheme can also be used in

epi-detection of solids or turbid samples in microscopy as well.
Filterless low-wavenumber CARS detection

We also demonstrate single-beam CARS without the use of an interference short-pass fil-
ter, which can be a limiting factor in the low-wavenumber region detection [87]. This is pos-
sible because the pulse shaper itself acts as a short-pass filter for backward-propagating CARS
signals. This is similar to the idea used in multi-stage monochromators, where high resolution

and low frequency detection are achieved through spatial filtering. A comparison of the 1,1,2,2-
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tetrachloroethane (TeCA) spectra obtained in the forward detection scheme using the 760 nm short-
pass filter, and that in the backward detection using our pulse shaper are shown in Fig. 2.6, with
the same exposure time, signal attenuation, and averaging as in the previous data. Figure 2.6a
shows that the spectral edge using our pulse shaper exceeded that using the interference filter. This
enables our setup to measure lower wavenumber Raman shifts. As a result, the 173 cm~! and 89
cm~! Raman peaks [86] blocked by the interference filter are visible in our backward detection
setup, as shown in Fig. 2.6b. The lowest wavenumber resolvable Raman shift depends on the

cut-off edge of the non-linear signal, and in the present setup this is limited to ~ 80 cm™*.
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Figure 2.6: Comparison between forward (black) and back-scattered (red) signal of 1,1,2,2-
tetrachloroethane (TeCA): (a) total nonlinear and (b) CARS signals. The back-scattered signal
is rescaled by a factor of 3.3.

2.2.3 Discussions

The needle tip in our pulse shaper serves two functions: the main function is to block the input
light and form the spectral hole; in the meantime, it also blocks the residual excitation light that
scatters from the knife edge mirror— because spectral components are focused to a finite size in

the Fourier plane, there is a portion close to the edge that will inevitably pass through and being
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reflected back due to Rayleigh scattering. This shows up as a very strong and sharp peak in the
signal spectrum, and will saturate the CCD if the needle tip is absent. Better design of the pulse
shaper should enable an improved shielding from such unwanted light in the epi-detection scheme.

The spatial filtering capability of the pulse shaper mainly relies on how well we can resolve
different spectral components in the Fourier plane. It is roughly proportional to the groove number
density of the grating, and inversely proportional to the input beam size. Hence if replaced with a
2400 grooves/mm grating and with the beam size increased by 1.5 times, the lowest detectable Ra-
man shift can be decreased to ~ 20 cm™! theoretically. Other factors such as the angle of incidence
onto the grating and the input pulse energy also affect the lowest detection limit. Another merit of
using such spatial filtering is that the cut-off edge is easily tunable with no broadening or distortion
to the femtosecond pulse. This setup can also be applied to low-wavenumber spontaneous Raman
spectroscopy by moving the prism mirror to the long wavelength side to perform spectral filtering
on the input laser and the signal. This would be a less expensive solution compared to commercial
low-wavenumber Raman filters, but comes with the price of a decreased efficiency and bulky setup.

Another thing worth noting is that the difference measurement implemented here resembles
that used in shifted excitation Raman difference spectroscopy [88], and the detection is intrinsi-
cally heterodyne— the nonresonant portion P, is used as the local oscillator to enhance the Raman
signal. This is beneficial for recognizing weak vibrational modes, but the fluctuation in the back-
ground will also deteriorate the signal curve. Last but not least, the limitation on the detection
bandwidth can be resolved by adopting oscillators with broader bandwidth to include modes up to
2000 cm™* [89].

In summary, we have demonstrated an approach to detect low-wavenumber vibrational signals
based on single-beam CARS with a spectral hole, using 4f pulse shaper and only basic optical
components. We examined its capability in both forward and backward detection schemes in the
low-wavenumber region. We also showed an improved efficiency in collecting backward propa-
gating signal, and discussed possible solutions for extending the detection region into even lower

wavenumber region.
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3. SINGLE-BEAM COHERENT ANTI-STOKES RAMAN SPECTROSCOPY USING
FEMTOSECOND ADAPTIVE SPECTROSCOPIC TECHNIQUE*®

In this chapter, we further improve our single-beam CARS setup by simplifying the pulse
shaper design, and incorporating the FAST technique [40] on the excitation pulse. In this chapter,
a brief review is first given on the FAST CARS spectroscopy. Then we outline the design of a ver-
satile single-beam FAST CARS setup that allows easy alignment and switching between different
excitation and detection layouts. To increase the detection speed, we also implement piezo modu-
lation on the probe delay so as to allow fast CARS signal retrieval through heterodyne. In addition,
spectral detection of the back-scattered signal is incorporated into the pulse shaper, allowing com-
pact and efficient system design. We demonstrate the capabilities of CARS microspectroscopy by

imaging silicon and molybdenum disulfide (MoS,) microstructure.
3.1 Introduction to femtosecond adaptive spectroscopic technique

As mentioned in the previous chapters, the nonresonant background has often prohibited the
faithful retrieval of CARS spectrum, and various techniques have been devised to overcome this
problem, such as epi-detection [90], polarization CARS [38] or frequency modulation [91] scheme.
FAST CARS was proposed in the early years of CARS microscopy, also aiming at effective sup-
pression of the nonresonant background [92]. In the conventional CARS scheme, the nonresonant
background is strong due to the temporal overlap between the probe and pump/Stokes fields, as
shown in Fig. 3.1c. In the FAST CARS scheme, one takes advantage of the difference between
the long-lived vibrational coherence and the instantaneous nonresonant background, and applies
a delay on the probe relative to the pump/Stokes pulse to significantly suppress the nonresonant

background, while maintaining an appreciable portion of the CARS signal. Notice that unlike the

*Reprinted with permission from "A versatile setup using femtosecond adaptive spectroscopic technique for co-
herent anti-Stokes Raman scattering” by Y. Shen, D. V. Voronine, A. V. Sokolov, and M. O. Scully, 2015. Review
of Scientific Instruments, 86, 083107, Copyright [2015] by AIP Publishing, and with permission from "Single-beam
heterodyne FAST CARS" by Y. Shen, D. V. Voronine, A. V. Sokolov, and M. O. Scully, 2016. Optics Express, 24,
21652-21662, Copyright[2016] by Optical Society of America.
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case in time-resolved CARS measurement [58] in which only a delay between pulses is applied, in
FAST CARS the probe laser pulse is also shaped to improve the signal-to-background ratio [40].
Figures 3.1b and 3.1d illustrate the FAST CARS scheme, in which the probe pulse with a sinc tem-
poral shape has its node overlapped with the pump/Stokes pulse, so as to minimize their temporal
overlap and suppress the nonresonant background; while the main portion of the probe pulse still
interacts with the vibrational coherence and produces CARS signals [40].

Still, the original implementation of the FAST CARS scheme requires up to three separate
beams from the amplified laser system, and beam geometry has to be carefully adjusted so as to
meet the phase-matching condition due to the loose focusing element [40]. Benefiting from the
tight-focusing in a microscopic setup [31], here we demonstrate FAST CARS microspectroscopy
using the single-beam setup [93]. The setup uses a femtosecond Ti: Sapphire laser oscillator and
a 4f pulse shaper with folded geometry, and the pulse shaping is carried out through common
optical elements so no complicated SLM equipment is needed. Our setup is simple in alignment,
and can be easily switched between the collinear single-beam geometry and the noncollinear two-
beam geometry. We also demonstrate the capability of detecting both the transmitted and back-
scattered signals. Moreover, we further update the system to implement single-beam heterodyne
FAST CARS microscopy by exploiting the phase relation between the CARS and the LO signal
generated inside the sample [94]. An improved epi-detection efficiency is obtained by combining
the spectral detection and the pulse shaping unit, which reduces redundant optical components as

compared to our earlier setups [81, 93] and eliminate the requirement of an external spectrometer.

3.2 Versatile single-beam coherent anti-Stokes Raman spectroscopy using femtosecond adap-

tive spectroscopic technique
3.2.1 Setup description

The pulse shaper in our current setup uses a folded geometry [69] as opposed to the trans-
mission geometry previously adapted [81]. Such a design facilitates the alignment procedure and

provides an easy configuration to employ a probe delay in the pulse shaper. The block diagrams
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of the experimental setup using different beam and detection configurations are shown in Fig. 3.2
[93]. The laser source included a broadband oscillator (TS laser kit, KMLabs), a double-prism
compressor, a telescope, and a long-pass filter. The output pulse from the oscillator was centered
at 800 nm, with a spectral FWHM of 45 nm. The separation between the prisms in the compressor
was ~1 m, optimized by monitoring the autocorrelation trace of the output pulse. The telescope
was consisted of two convex lenses with focal lengths of 700 mm and 300 mm, respectively, to
shrink the beam size to ~2 mm at the pulse shaper input. A long-pass filter (FF01-776/LP-25,
Semrock) was used after the telescope to block the high-frequency component of the pulse that
coincided with the CARS signal. We denote this beam from the laser source as the primary beam.
It was then guided into the pulse shaper to generate the desired pump/Stokes and probe beam. Our
versatile setup allows the probe beam and the pump/Stokes beam to be set up in either collinear
or noncollinear configuration. In the collinear configuration, the two beams propagate collinearly;
whereas in the noncollinear configuration, they are parallel to each other but exhibit a tunable
spatial offset (set to ~7 mm in later experiments), allowing spatial separation of the two beams.
After the pulse shaper, the two beams were focused onto the sample by an off-axis parabolic
mirror (50328 AU, Newport), with an effective focal length close to 20 mm. Figures 3.2e and
3.2f show different detection methods and beam geometries at the sample for the collinear and
the noncollinear configuration, respectively. In the former case, the two beams were spatially
overlapped before focusing onto the sample. After that, beams were collimated by an achromatic
lens with a focal length of 30 mm. Again for transparent sample, we used a flip mirror placed
behind the collimation lens to retro-reflect the forward signal, so as to simulate backward detection
[81], as shown in Fig. 3.2e. In the noncollinear configuration, the two beams were spatially
separated before focusing onto the sample. After the collimation lens, the two beams propagated
in parallel again. Then the pump/Stokes beam, together with the FWM signal it generated, were
terminated by a beam block, leaving only the probe and CARS signal beam propagating forward or
being reflected by the flip mirror, as shown in Fig. 3.2f. After the sample, the forward-propagating

signal passed a short-pass filter (SPO1-785RU-25, Semrock), and was then sent to the spectrometer
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Figure 3.2: Versatile experimental setup for FAST CARS. (a)-(d) Block diagram schematics of
different beam configurations and detection schemes. Beams are represented by their colors, and
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(Surespectrum, Bruker Optics) and CCD detector (iDus420, Andor). On the other hand, in the
backward detection scheme, the signal propagated back into the pulse shaper, and the blue-shifted
nonlinear signal was picked out and guided to the short-pass filter and spectrometer via another flip

mirror. These different beam configurations and detection schemes are shown in Figs. 3.2a-3.2d.
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Figure 3.3: Beam propagation schemes inside the pulse shaper of the FAST CARS setup, for the
noncollinear backward detection case. The beam colors and labels are the same as in Fig. 3.2. (a)
Sketch of the overall setup, and inset shows beam spots on the grating surface. (b) Propagation of
the primary beam from laser source. (c) Generation and propagation of the pump/Stokes and probe
beams. (d) Light path of the backward propagating signal beam. In (c) and (d) the primary beam
is also shown (light red). CM: concave mirror; G: grating; M: mirror; D: D-shaped mirror.

The detailed beam propagation scheme inside the pulse shaper is shown in Fig. 3.3a, illustrating

the noncollinear backward detection case. The corresponding paths of different beams are shown
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in Figs. 3.3b-3.3d. The primary beam was sent above the first D-shaped mirror D, (PFD10-03-P01,
Thorlabs) and was reflected by the second D-shaped mirror D5 into the pulse shaper. The pulse
shaper used a folded geometry, consisting of a 830 grooves/mm grating (43-850, EdmundOptics),
a folding mirror, a 3-inch-diameter concave mirror (CM) with a focal length of 500 mm (Thorlabs),
and three reflectors in the vicinity of the Fourier plane — i.e. a prism mirror (47-308, EdmundOp-
tics) My and two D-shaped mirrors D3 and D4. The primary beam was dispersed by the grating,
guided by the folding mirror to the CM, and the focus of different frequency components were
spatially separated, as shown in Fig. 3.3b. A major part of the beam at the low-frequency side was
reflected by Ma, serving as the pump/Stokes beam. D3 was shifted slightly right to Dy, so that a
narrow-band portion of light passing the edge of D3 and hitting D, was reflected and used as the
probe beam. D4 was mounted on a translation stage so that it could be moved back and forth to
change the relative delay between the probe beam and the pump/Stokes beam. Figure 3.3¢ shows
the pump/Stokes and probe beam layout. It can be seen that M, guided the pump/Stokes beam
back with a slightly tilted angle so that this beam hit a spot directly above the primary beam on
the grating, and then passed over D, and was guided to the sample. The same for the probe beam
directed by Dy, but with a larger tilting angle. The inset in Fig. 3.3a shows marked spots on the
grating surface, indicating the vertical positions of different beams— with the pump/Stokes spot
~3 mm higher than the primary beam spot, and probe spot ~7 mm above that of the pump/Stokes.
Since both beams were reflected close to the Fourier plane, after collimation by the CM and the
grating, they propagated in parallel to the sample, therefore achieving the noncollinear configura-
tion. The collinear configuration was achieved simply by tilting M, so that the pump/Stokes spot
coincided with that of the probe. With a total incident power of 110 mW on the primary beam, the
power of the pump/Stokes and probe at the output of the pulse shaper was 31 mW and 450 uW,
respectively.

The pulse shaper was also used to guide the backward-propagating signal as demonstrated in
the previous chapter. The back-scattered light path is shown in Fig. 3.3d. The signal followed

the path of the probe but in the opposite direction, dispersed by the grating, guided by the folding
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mirror to the CM, and then separated into different frequency components in the Fourier plane.
Since the nonlinear signal was blue-shifted from the probe, it would encounter D3, which was
aligned such that the back-scattered signal would hit a spot ~3 mm below the primary beam spot
on the grating, therefore propagating in parallel with but opposite to the primary beam, and with a
finite spatial separation. The signal was then reflected by D5 and guided out by D, to the short-pass

filter and the spectrometer for detection.
3.2.2 Result analysis

Raw data obtained from TeCA using the forward detection scheme are shown in Fig. 3.4.
Figure 3.4a corresponds to the noncollinear configuration, and Figs. 3.4b and 3.4c are the collinear
configuration results. In the bottom panel of Fig. 3.4a, a spectrogram showing the anti-Stokes
signal spectrum versus the probe delay in the noncollinear configuration is plotted. Each spectrum
was taken with a 10 s integration time, and averaged over 10 times. The tail-like features at 767
and 749 nm in the plot are the signature of FAST CARS signals, indicating long-lived vibrational
coherence as compared to the nonresonant background. The top panel of the graph shows the
variation of signal at 779 nm versus the probe delay. Since there is no strong Raman line at this
wavelength, this variation can be seen as an indication of the nonresonant background strength. The
curve in the top panel reveals the sinc-shape behavior of the background intensity: first attaining
its maximum at zero delay, then decreasing, reaching the first node; and then increasing again to
the second, smaller maximum. The optimal delay is at the first node position at ~1 ps where the
background is largely suppressed, therefore yielding the maximum signal-to-background ratio.

In Figs. 3.4b and 3.4c we show the data using the collinear configuration with O ps and 1 ps
probe delay, respectively. Similar to previous works [81, 95], here the detection was intrinsically
heterodyne, with the FWM generated by the pump/Stokes beam serving as the LO. This guaranteed
higher signal level, and enabled faster detection speed. Each spectrum was acquired with 20 ms
integration and averaged over 100 times. In order to retrieve the CARS signal, a baseline spectrum
of the LO was needed, and was acquired at relatively long delay (3.5 ps) where the vibrational

signal contribution was negligible and the FWM by the pump/Stokes pulse was dominant. The
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final spectrum in the collinear configuration could be obtained by subtracting this background

from the raw data.
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Figure 3.4: Forward detection results from TeCA. Bottom panel in (a) shows a 2D spectrogram of
the FAST CARS signal versus the probe delay in the noncollinear configuration. Colors represent
signal strength in log-scale. Top panel in (a) shows the signal intensity at 779 nm at different
delays, corresponding to the horizontal cross-section in the 2D spectrogram (marked by the black
dashed line). Raw data of TeCA signal (solid black) at zero (b) and 1 ps delay (c) in the collinear
configuration are also plotted, with the long-delay (3.5 ps) baseline signals in dashed red.

The processed spectra of TeCA at zero and at the optimal 1 ps delay using different beam
configurations and detection schemes are shown in Fig. 3.5. The left and right column correspond
to spectra with zero and 1 ps probe delay, respectively. Figures 3.5a and 3.5b, representing the
noncollinear configuration and forward detection, were directly obtained from the 2D plot in Fig.
3.4a by taking the spectra (vertical cross-section) at zero and 1 ps delay, respectively. Clearly the

nonresonant background in Fig. 3.5a is dominating at zero delay, and only the strongest peaks at
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353 cm~! and 650 cm ™! are visible. However with the 1 ps delay, we obtained peak structures that
matched well with the spontaneous Raman spectrum of TeCA [86], marked by blue vertical lines.
The minor deviations are due to the finite spectral resolution and lineshape distortions. Figures
3.5¢ and 3.5d, representing the collinear configuration, were obtained by taking the difference
between the raw data and the baselines in Figs. 3.4b and 3.4c, respectively. For zero delay, Fig.

! while the rest of

3.5c displays a sharp edge corresponding to the major peak of TeCA at 353 cm™
the Raman structures are not visible due to the large background; on the other hand, the 1-ps-delay
result reveals these other peaks in Fig. 3.5d. However, due to the interference of the signal and
background, some peaks have a dispersive line shape, and will need further processing to retrieve
the Raman lineshape [52].

Results for the detection of backward-propagating signals are shown in Figs. 3.5e-3.5h, with
the same integration time and averaging setting as previous. Due to the finite size of mirror Ds,
the detection range in the high frequency region had a cut-off around 766 nm, corresponding to
the 400 cm™! edge from the zero-delay data in Figs. 3.5¢ and 3.5g. The backward signals from
TeCA shown in Figs. 3.5f and 3.5h shared a similar shape as that in the forward detection, but was
attenuated by a factor of 3. During the acquisition of the collinear configuration spectra in Figs.
3.5g and 3.5h, the probe was red-shifted to 792 nm, as opposed to the 789 nm used in the pre-
vious figures, therefore leading to the change of the low-wavenumber-cutting-edge towards larger
Raman shift, and the disappearance of the 173 cm™! peak. Still, we can see from the above TeCA
results that the FAST CARS provided significant nonresonant background suppression, leading to
enhanced signal-to-background ratio.

We also performed backward detection of crystalline sulfur using the collinear configuration.
The results are shown in Fig. 3.6, in which we compare signals obtained with and without probe
delays. The sulfur crystal produced a genuine epi-CARS signal with two major Raman peaks
resolved through the appropriate probe delay, as seen in Fig. 3.6(b), which agreed well with its
spontaneous Raman data [96]. Again we can see that probe delay helped to suppress the nonres-

onant background. The sulfur spectra were acquired with 100 ms integration time and averaged
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Figure 3.5: FAST CARS spectra of TeCA at zero (left column) and 1 ps (right column) delay using
different beam configurations and detection schemes labeled below the spectra. These results
correspond to configurations in Fig. 3.2. Spontaneous Raman transitions of TeCA are marked by
thin blue vertical lines.
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Figure 3.6: Signal spectra comparison of zero delay (a) and 1 ps delay (b) of sulfur crystal, us-
ing the collinear configuration and backward detection. Spontaneous Raman peaks of sulfur are
marked by blue vertical lines.

over 10 times.
3.2.3 Discussions

The single-beam FAST CARS setup shown above surpasses our previous setups [40, 81] in its
simplicity in construction, and its versatility in switching between different configurations. The
simplicity is two-fold: first, the pulse shaper is consisted of only basic optical components, which
makes the setup more accessible as opposed to those incorporating SLMs; second, the spatial and
temporal overlap alignment is straightforward. For spatial overlap, by coarse alignment of the
pump/Stokes and the probe spots onto the same vertical line on the grating, we can achieve a
signal level more than one third of that after fine tuning. The temporal overlap alignment is also
facilitated by the proximity of the two reflectors. Therefore the initial coarse positioning is only
a few millimeter away from the preferred temporal overlap for FAST CARS. Moreover, tilting
only the vertical knob of the mirror M, allows switching from the noncollinear to the collinear
configuration, and no additional spatial alignment is required.

The collinear configuration outperformed the noncollinear configuration in its detection speed,
with close to three orders of magnitude decrease in CCD integration time thanks to the strong
FWM signal from the pump/Stokes beam. Also, because of the increasing FWM intensity close

to the probe, low-wavenumber signals see more amplification than higher-wavenumber signals, as
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seen for the TeCA peaks below 200 cm ™. The downside is that when moving away from the probe,
signals are less visible, therefore limiting the detection range. One solution to this nonuniform LO
problem would be to use the short-wave side of the input pulse as the LO [71], with appropriate
attenuation to create a ‘flat top’ spectrum. This, on the other hand, may result in a stronger LO
compared to the FWM from the pump/Stokes beam, and would require detectors with a larger
dynamic range.

Another problem in using the heterodyne technique is the instability due to interference. While
this is usually not a problem for uniform samples like liquids and crystals, it makes the detection of
highly scattering powder samples rather challenging, as multiple scattering inside a sample makes
the spectra unstable, and therefore the difference spectra will contain lots of ripple-like noise that
veils the signal. A good solution is to use a probe with frequency sufficiently away from the
pump/Stokes so that the signal is generated at new frequencies that can be separated from the
background [97]. With a supercontinuum source and modified dispersion schemes (e.g. using a
prism or an echelle grating), such a solution can be incorporated into our setup.

Next we note the necessity of the long-pass filter. The high frequency part of the primary beam
that coincides with the signal region is reflected by D3 at a different angle, and therefore will not
enter the spectrometer directly. But a small portion of this light will scatter from the surface of
D3, which may be stronger than the CARS signal generated in the noncollinear configuration and
is generally comparable to or even stronger than the FWM from the pump/Stokes beam. This
will then produce a significant background. While it is still possible to perform the collinear
configuration measurements in such a case, it is generally desirable to have the long-pass filter to
get rid of the unwanted light and obtain a cleaner background in the signal range.

The current setup maintains the advantage of the enhanced backward detection efficiency as in
the previous setup as compared to a beam-splitter-based backward collection scheme [81]. And
similar to the previous work, the short-pass filter can, in principle, be removed in the backward
detection scheme, since the pulse shaper itself acts as a short-pass filter. Still we are limited by the

long-pass filter edge to achieve the extremely low-wavenumber detection mentioned in the previous
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work. Also the beam size in the present setup is reduced to fit the noncollinear configuration,
which leads to poorer frequency resolution in the Fourier plane. The setup can be modified to
use an unfolded pulse shaper, which would then be able to achieve filterless and efficient low-
wavenumber detection, at the cost of increased complexity and additional alignment in the pulse
shaper.

The collinear setup configuration may be coupled into a microscope for fast imaging. With
larger input beam size and a large N.A. objective lens for focusing, the nonlinear signal can be
generated efficiently. Moreover, larger input beam size would provide higher resolution in the
Fourier plane and therefore a sharper spectral edge, which is beneficial for both pulse shaping
and enhancing the detection range. On the other hand, although we have only used oscillator
pulses at high repetition rate, the present setup can also work with amplified pulses to achieve
single shot detection or imaging. Also the signal strength may be enhanced by incorporating
plasmonic enhancement, as was previously shown in a related time-resolved surface-enhanced
collinear CARS scheme [98].

As a summary, we have demonstrated a versatile setup for FAST CARS in this section, which is
simple to build and is less demanding in terms of alignment. We performed spectral measurements
on both liquid TeCA and crystalline sulfur samples, using the forward and backward detection
schemes. The spectra obtained with the optimized probe delay provided background suppression
and increased visibility of CARS signals. We have also shown the higher acquisition speed of
the collinear configuration compared to the noncollinear configuration. Yet the former requires a
dedicated background collection stage in order to retrieve the CARS spectra, which can be further

simplified as we will show in the following section.
3.3 Heterodyne single-beam FAST CARS

We have previously demonstrated two single-beam CARS systems capable of heterodyne de-
tection, which include using the FWM background generated by the pump/Stokes as the LO and
therefore ensure stability [99]. However, the retrieval method requires either shifting the posi-

tion of a needle tip [81] or delaying the probe to a large extent so as to obtain the baseline [93],
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which leads to low acquisition speed and lineshape distortion as seen in Figs. 2.4d and 3.5d. To
resolve these issues, we can exploit the phase relation between the FAST CARS signal and the
LO and implement heterodyne detection with fast modulation of the probe delay. The idea of
single-beam heterodyne CARS has been experimented earlier using chopper-based single-channel
detection [71], and heterodyne-based multiplex CARS has also been demonstrated by dividing the
femtosecond pulse into a broadband low-frequency pump/Stokes, a narrowband probe, and a high-

frequency LO, and the CARS signal was retrieved via double quadrature spectral interferometry

(DQSI) method [75].
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Figure 3.7: Schematic of the single-beam heterodyne FAST CARS. (a) Energy diagram of the
FAST CARS scheme. (b) Spectral intensity of the excitation pulse with the probe and pump/Stokes
parts marked with red and black lines, respectively. (c) Anti-Stokes signals I (w) (red) and I_(w)
(blue) simulated corresponding to delays 7y + o7 and 7y — 07, respectively, with 75 ~ 0. Inset
shows the constructive (red) and destructive (blue) interferences between the FAST CARS signal
and the four-wave mixing local oscillator. (d) FAST CARS signal retrieved from the spectra in (c)
using Eq. (3.1).
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Based on these earlier designs and our previous setup, we demonstrate single-beam heterodyne
FAST CARS microscopy through precise control of the probe delay, which in turn affects the
phase relation between the signal and the LO. The energy level diagram of the heterodyne FAST
CARS scheme is shown in Fig. 3.7a, and the spectral intensities of the probe and the pump/Stokes
field are plotted in Fig. 3.7b. In addition to the large-scale delay controlled by the motorized
actuator described in the previous section, we added a piezo actuator for fine tuning the delay. By
modulating the probe mirror position locally within a fraction of the wavelength, we switched the
probe delay between two close values 75 + d7 and 79 — d7, and obtained two spectra I (w) and
I_(w), respectively. Here 7y denotes the central delay value and 7 is the modulation amplitude. By
careful selection of 7y and 67, I (w) and /_(w) will correspond to the constructive and destructive
interference between the FAST CARS signal and the LO, as shown by the simulation data in Fig.

3.7c. Then by using a modified DQSI method [74, 75]:

I(w) = I_(w)
VL) + L)

Icars = (3.1)

fast reconstruction of the vibrational signal and subtraction of the nonresonant background can be
achieved, resulting in CARS peaks with good visibility as shown in Fig. 3.7d. A more detailed
theoretical treatment will be provided at the end of this section. In addition, an improved epi-
detection efficiency is obtained by incorporating the spectral detection into the pulse shaper, which
reduces redundant optical components, such as an external spectrometer and collimation optics[81,

93]. This compact design can be used to construct an improved CARS microspectroscopy system.
3.3.1 Setup description

The sketch of our experimental setup is shown in Fig. 5.1, with a similar pulse shaper design
as that in Fig. 3.3. Again, the Ti:Sapphire oscillator (TS laser kit, KMLabs) was pumped by a
green laser (Millenia eV, Spectra Physics) to produce 25 fs pulses centered around 810 nm, with
a repetition rate of 85 MHz. A variable ND filter was used for attenuation, and followed by a

chirp mirror pair (DCMP175, Thorlabs) for dispersion compensation. Then high-frequency parts
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of the pulses that coincided with the CARS signal was blocked by a long-pass filter (LP02-785RU-
25, Semrock), and the pulses were sent to the pulse shaper where its spectrum was dispersed
across the Fourier plane. Similar to the previous setup shown in Fig. 3.3, a mirror M; reflected a
majority of the light on the low-frequency side, which was used as the pump/Stokes field, and a
narrowband portion was reflected by the mirror My, serving as the probe. A right angle mirror M3
was placed closely in front of M, such that the edges of M, and M3 determine the bandwidth of
the probe, which was chosen to be 30 cm~!. M, was mounted on a linear stage with a motorized
actuator for coarse tuning, and a piezo actuator for fine tuning the delay 7y and the modulation §7.
The following procedure was carried out to determine the relative position between M; and M,:
we used distilled water as the sample, and a large range of probe delays was scanned using the
motorized actuator, with spectra taken at each increment of the stepper motor. Then by plotting
the signal intensity versus the probe delay at different wavelength, we retrieved a fringe pattern
resulting from the interference between the LO and the nonresonant signal generated by the probe.
The envelope of this pattern indicated the temporal shape of the probe pulse, which was similar
to that shown in Fig. 3.5a. We determined the zero delay position from the peak point of this
envelope. Then the probe delay value 7y could be calculated according to the motorized actuator
shift from the zero delay position. Also, the optimal modulation amplitude for the piezo actuator
was found to be ~190 nm, corresponding to 07 ~ 1.3 fs, which maximized the retrieved Raman
peaks.

The reflected beams from M; and M, were tilted so that they could be guided out collinearly
and sent to the microscope. Both beams were focused on the sample by an objective lens (N40X-
NIR, Nikon). For transparent samples, the transmitted light was collected by another objective
(LPlan50X, Nikon) and sent through a short-pass filter (TSP01-790-25x36, Semrock) before en-
tering the spectrometer (SureSpectrum, Bruker Optics) for detection; for opaque samples, back-
scattered light was collected by the same focusing objective and guided back into the pulse shaper.
After reaching the Fourier plane, the blue-shifted signal was directed to the telescope consisting

of the concave mirror CM; and the lens L, and imaged using a CCD camera (Specl0, Princeton
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ccb

Figure 3.8: Experimental setup: DC, dispersion compensation using chirp mirror pair; LPF, long-
pass filter; G, grating; CM, concave mirror; M, mirror; SPF, short-pass filter; L, lens; Obj, micro-
scope objective; S, sample on X-Y translation stage; spec, spectrometer. The excitation and FAST
CARS beams are shown by red and green colors, respectively.

Instruments). The focal lengths of CM5 and L were 500 mm and 200 mm, respectively. The same
short-pass filter was placed inside the telescope for filtering the residual excitation light. The Ra-
man shifts were calculated using the frequency shift from the probe central wavelength, which was
measured by the forward arm spectrometer.

Samples used for detection include TeCA and CCl, (Sigma Aldrich), and fused silica sample
was from UV-grade window (Newport). Also, structured silicon (Si) sample was prepared using
e-beam lithography on Si wafer with the poly(methyl methacrylate) (PMMA) patterned mask fol-
lowed by 50 nm thick gold coating, and MoS; flakes were prepared by exfoliation of bulk MoS,
using tape onto a Si substrate. TeCA, fused silica, and CCl, were transparent samples and were
measured in the forward direction; Si and MoS, samples were imaged using epi-detection. The
laser power on the sample without attenuation by the ND filter was 50 mW, and typical laser pow-
ers used on each sample were 9.8, 8.3, 19.2, 42, and 16.7 mW for CCly, TeCA, fused silica, Si,

and MoS,, respectively, except for the power dependent measurement that will be detailed later.
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The CCD exposure time for all samples was fixed at 40 ms. CCly, TeCA, and silicon spectra were
averaged over 10 times, while fused silica and MoS, spectra were averaged over 100 times due to
their relatively weak CARS signals. During the acquisition the CCD received a trigger frequency
of 14 Hz while the piezo was driven at 7 Hz such that the two spectra were collected at constructive
and destructive interference positions, from which the FAST CARS signals were retrieved using
Eq. (3.1). For comparison, spontaneous Raman spectra were acquired using a commercial Raman

system (LabRAM HR Evolution, Horiba).
3.3.2 Results
Result analysis

Results obtained from TeCA are shown in Fig. 3.9, illustrating the effect of the probe delay on
retrieved Raman peaks. Figure 3.9a shows the spectrogram of TeCA acquired at different probe
delays, from which we can see the tails due to the long-lived coherences of various Raman modes.
Nonresonant background was suppressed at all delay values 7, thanks to the DQSI method, and we
plot three spectra at delays of O ps, 0.6 ps, and 1.2 ps in Fig. 3.9b. For comparison, we also plot
the zero probe delay spectrum, which is adapted from Fig. 3.5c, in Fig. 3.9c. Here the resonant
signal is buried in the large nonresonant background. As the delay 7y was increased from 0 ps
to 79 ~ 0.6 ps, the height of the main peak around 353 cm™! had increased by ~30%, and its
FWHM decreased from 32 cm ™! to 21 cm™!. Other peaks showed similar behavior, and the effect
is similar to the 7-step-phased probe case depicted in the previous literature [100]. Also noticeable
are the lineshape distortions to the retrieved peaks, with dispersive shapes forming on both sides
of the 353 cm™! peak at 0.6 ps delay. When the delay was further increased to 7y ~ 1.2 ps, the
distortion became so large that the peak height information was lost, but the central peak became
more distinct. One interesting point to note is that, besides the main peak at 353 cm™!, there is

also a spectral structure appearing at 370 cm™!

. The origin of this minor peak could be the 366
cm~! vibrational mode of TeCA, whose spontaneous Raman spectrum is shown in Fig. 3.9d. We

suggest that at large 7 values, the delay induces a spectral phase across the probe spectrum and
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modifies its interaction with the nonlinear susceptibility, which can lead to the appearance of the

doublet structure that would otherwise be hidden as in the zero probe delay case.
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Figure 3.9: Single-beam heterodyne FAST CARS of TeCA using the forward detection: (a) 2D
plot of the heterodyne FAST CARS spectra at different probe delays. (b) Heterodyne FAST CARS
signal at O (black), 0.6 (red), and 1.2 ps (blue) delay. (c) FAST CARS signal of TeCA at zero probe
delay from Fig. 3.4b. (d) Spontaneous Raman spectrum of TeCA. Spectra in (b) are normalized by
the same factor.

Next we carried out measurements probing coherence lifetimes of the Raman modes in fused
silica. It was previously shown that fused silica contained a broadband vibration mode with a
short decoherence time, denoted as w; [101]. The retrieved FAST CARS signals of fused silica at
different probe delay times are shown in Fig. 3.10. We identify the w; band as the broad feature
in the range between 200 cm~! and 440 cm~!. As the probe delay increased, this band intensity
gradually decreased, and only the narrow peak due to the four-fold ring structure at 495 cm~! [101]
was preserved. The coherence lifetime of the w; band was estimated to be shorter than 1 ps due
to the convolution of the FAST CARS signal with the probe temporal shape, which limited the

temporal resolution to ~1 ps. Still, better resolution can be achieved through more careful shaping
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of the probe pulse.

We used CCly as the test sample to verify the power and concentration dependence. Because
the raw signal intensities /. (w), generated by third-order nonlinear process, are proportional to
the third power of the total input laser intensity /4 (w) oc (Input power)3, then from Eq. (3.1) the

retrieved signal has a 1.5th-power dependence on the input power:

Icars o (Input power)'®. (3.2)

On the other hand, we expect a linear dependence on the concentration for heterodyne detection
[91]. Figure 3.11a shows the retrieved spectrum from CCly at zero probe delay. Figures 3.11b and
3.11c show the signal dependence on the input power and concentration, respectively, on a log-log
scale. The units for the input power and concentration were mW and percentage, respectively. The
input laser power was measured before entering the pulse shaper, and Fig. 3.11c was obtained
using different concentrations of CCly, in acetone at fixed laser power. The intensities shown in
Figs. 3.11b and 3.11c correspond to the 459 cm™! transition of CCly. The slopes of the fitting
curves in Figs. 3.11b and 3.11c are measured to be 1.49+£0.02 and 1.04+0.05, respectively, which
agrees with the theory. Other transitions showed similar behavior.

Finally we demonstrate the epi-detection capability of the setup by imaging microscopic struc-
tures of the gold-coated Si and MoS, flakes. The samples were scanned using piezo-driven stages,
and characteristic peak intensities at 1 ps probe delay value at each spatial location were collected
to obtain the FAST CARS images. Figures 3.12a and 3.12d are the microscopic optical images of
the Si and MoS; samples, respectively, with scan areas marked by red rectangles. Figures 3.12b
and 3.12e compare two FAST CARS spectra acquired at different pixels from the two samples,
with one pixel containing the target substance and the other not. The characteristic Raman peak
values used for imaging are 520 cm~! for Si and 385 cm™! for MoS,, the latter corresponded to
the By, transition of MoS,. The retrieved FAST CARS images are shown in Figs. 3.12¢ and 3.12f,

which are in good agreement with the optical images for both samples.
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Figure 3.10: Heterodyne FAST CARS spectra of fused silica using the forward detection at differ-
ent probe delays: (a) 0 ps, (b) 0.2 ps, (c) 0.4 ps, (d) 0.6 ps, (e) 0.8 ps, and (f) 1 ps.
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Figure 3.11: Input power and concentration dependence of the CCl, FAST CARS signal measured
in the forward detection. (a) Retrieved FAST CARS spectrum from CCly at zero probe delay. (b)
Log-log plot of the intensity of the 459 cm™! peak as a function of the laser power. (c) Intensity of
the 459 cm™! peak measured at different concentrations of CCly in acetone.
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Figure 3.12: Epi-detection FAST CARS microscopy of silicon (Si) and molybdenum disulfide
(MoS5) microstructures. Optical images of the structured (a) Si and (d) MoS, flake samples are
shown, with scale bars of 2um. FAST CARS spectra of (b) Si and (e) MoS, are plotted in black
lines compared to the background (red lines), with corresponding FAST CARS images in (c) and
(f), respectively, using the Si peak at 520 cm~! and the MoS, peak at 385 cm ™. The two spectra
in (b) were acquired at coordinates of (6.4 pum, 6.4 pm) (black) and (4.0 ym, 4.0 um) (red) in (c),
and the two spectra in (e) were acquired at (4.6 pum, 3.8 pym) (black) and (1.0 pum, 2.2 pym) (red) in

().
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Discussions

The appropriate power assignment to the probe and pump/Stokes field could contribute to an
enhanced signal level. For the experiment on TeCA described earlier, the total power on the sample
was 8.3 mW, with a probe to pump/Stokes power ratio ~ 1:75. By adjusting the ND filter con-
trolling the total power, and by placing another ND filter in front of the M; mirror for attenuation
of only the pump/Stokes light, we modified the probe to pump/Stokes power ratio to ~ 1:9.3, and
the total power on the sample changed to 7.8 mW. We found that, for TeCA, the signal-to-noise
ratio of the primary peak at 355 cm~! was doubled as compared to the previous case using 8.3
mW total power but with smaller probe power ratio. Because the LO is also dependent on the
pump/Stokes field, careful adjustment is required to reach the optimal ratio between the probe and
the pump/Stokes field for the FAST CARS signal retrieval.

The sensitivity and acquisition speed of the current setup can be further improved from var-
ious perspectives. Higher pulse energy lasers such as cavity-dumping oscillator [100] or high-
repetition-rate regenerative amplifier system [102] could lead to orders of magnitude signal en-
hancement and therefore less acquisition time with better sensitivity. Also, the piezo actuator
controlling the probe mirror can be operated faster than 10 kHz, so higher detection speed can be
achieved by adopting high speed detectors like a frame-transfer CCD, scientific CMOS camera,
or the recently devised TAMP array [103]. Another limitation concerns the bandwidth —given a
broader spectral coverage, the full fingerprint region can be addressed, therefore leading to broader
applications in chemistry and biology. Currently we are limited to multiplex detection in the deep
fingerprint region, but the setup can be easily modified to adopt broadband sources such as sub-10

fs oscillators [75], or oscillator-pumped supercontinuum [37].
3.3.3 Theoretical treatment

We end this chapter with a detailed theoretical analysis on the heterodyne FAST CARS. We
denote E(w) as the excitation laser field, which is separated into the probe field E,, (w) with a

bandwidth of dw, and the pump/Stokes field E,s(w), as shown in Fig. 3.7(b). For the transform
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limited pulses, the electric fields are taken to have real values. From Eqns 2.2 and 2.3, the nonlinear

polarization is given by:
P(w) x / By — QX(Q) + Epale — Qx(Q)JAQ)dS, (33)
where

AQ) = /E*(w’)E(Q+w’)dw', (3.4)

An

X(©) = xwr(Q) +xr(Q) = xnr(Q) + ; - (3.5)
Again A(Q)) corresponds to the vibrational coherence due to impulsive excitation, and x(€2) is the
nonlinear susceptibility, which has a real nonresonant part xyz and a complex resonant part y g
containing different Raman modes with frequencies €2 g,,, transition amplitudes A,,, and linewidths
I gm- Typical Raman lines come from the imaginary part of this susceptibility Im[x(£2)]. We also
denote Pryyy,(w) = [ Eps(w — Q) x(2) A(£2)dS2 as the strong FWM polarization generated by the
pump/Stokes field in the CARS signal region, which is used as the LO.

When a time delay 7 relative to the pump/Stokes field is applied to the probe, it is equivalent

to adding a linear spectral phase to £, (w) in the frequency domain, and Eq. (3.3) is modified as:
Plw) x / Ep(w — Q)e D7 (0) A(Q)dQ + PZ, 1 (). (3.6)

Now we consider two spectra taken at two different delays 7y + 67 and 7 — 7, where 7y and 67
are the central probe-delay and the small modulation, respectively. Because the bandwidth of the

probe dw is typically tens of wavenumbers, the phase term e~ (<=7

varies little when integrating
over the probe region, and therefore can be approximated as e~“»°7. We assign the following

function:

flw) o / o (w — Q)00 (0) A(Q)d0), (3.7)
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so that the two polarizations P, (w) and P_(w), corresponding to the delay 7y + 07 and 7 — 07,

can be written as:

Po(w)=  {Re[f(w)]cos(wpd7) + Im{f(w)]sin(w,d7)} +

H{Im{f (w)]cos(wy67) — Re[f (@)]sin(wd7)} + Phipy (@), (38)
P @)= {Relf(w)]cos(wydr) — Im[f(w)]sin(w,dr)} +

H{Im{f (w)]cos(wy7) + Re[f(@)]sin(w,d7)} + Phiyys (@) (3.9)

For simplicity, we first assume Py, (w) to be real. The detected signal intensities I (w) o
|P,(w)|* and T_(w) o< |P_(w)|* correspond to the constructive and destructive interference be-

tween the signal and the LO, respectively, and the difference is given by:

Lo () = L(@) o [Po(@)]? = | P-(w)[* ~ 4Pfy 3, (w)Im[f (@)]sin(wy 7). (3.10)

in which we keep only the heterodyne term because |Ppyy,(w)| > | f(w)|. Further approximating

Plivar(w) o< /I (w) + I_(w), and fixing 7 = 7/(2w,,), we obtain from Eq. (3.1):

I(w) = I_(w)

o Im| f(w)]|. 3.11
S () a1

Icars =

The above equation relates the detected CARS signal to the function f(w). A closer look at this
function in Eq. (3.7) reveals that it is essentially the susceptibility x(£2) gated by the probe with
phase E,,(w—Q)e~ @~ and a large smooth envelope function A((2). For the ideal probe shape,
E,,(w) assumes the form of a delta function with infinitely small bandwidth so that f(w) repro-
duces the shape of x(12). Inreality E,, (w) always has a finite bandwidth, leading to a compromised

—i(w—Q)

resolution. In the FAST CARS case, it is further complicated by the phase factor e 0. Using

Egs. (3.7) and (3.11) we can express /¢ ars as:
lcars /Epr(w — Q) A(Q){Im[x(Q)]cos[(w — Q)70] — Re[x(2)]sin[(w — Q)710]}dQ2. (3.12)
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A simple situation is when 7y is small such that (w — 2)7y does not vary much across the probe
spectral region and can therefore be approximated by w,, 7. Then by choosing cos(w,,7) = 1
the term containing Re[x(€2)] in Eq. (3.1) is canceled, and we see that /o 4gg is directly related to
Im[x(£2)]. In the case of larger delay 7y, the same condition cos(w,,79) = 1 should be satisfied, so
that the nonresonant background term Re[x y g (€2)]sin[(w — €2)7y] would see an equal contribution
from the positive and the negative part of the sine factor when integrating over the spectral region
of the probe, therefore yielding negligible contribution.

Next we consider the neglected imaginary part of the LO field Pfy;-,,(w), which is due to the
contribution from y z(2) in the expression for Pby;,,,(w). Consider Phy, (W) = | Phyy s (w)]e?@),
where 0(w) denotes the spectral phase of the LO field. Then the polarizations P, (w) and P_(w)

change correspondingly, leading to a modification on the difference term in Eq. (3.10):
I (w) — I (w) ox dsin(wy,07){Re[ Py, ()JIm[f ()] — Im[Piy @)Re[f@)]}.  (3.13)

This results in a correction term involving Im[PFy;-,,(w)]. Expanding the above equation using
Eq. (3.7), and setting w,,, 67 = /2, we can obtain a modified /- 4rs expression compared to Eq.

(3.12):

Icars /Epr(w —DAQ)  {Im[x(Q)]cos[(w — Q)7o + O(w)]

—Re[x(Q)]sin[(w — Q)79 + O(w)] }d2. (3.14)

In the situation where |xngr| > |xr|, the spectral phase 6(w) is small and simulations show that
the first term containing Im[x(£2)] again provides the Raman lines, and the second term contain-
ing Re[x(€2)] contributes to a minor background which can be offset by adjusting the actual 7,
compared to the theoretical value by less than 0.1 fs. When the ratio xr/xyr increases to a con-
siderable amount, the oscillation due to the phase enters the signal, and causes severe lineshape
distortion to the retrieved CARS spectrum— turning it into almost a dispersive shape. A possible

solution could be using the high-frequency part of the excitation pulse as LO [75], so that the LO
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field becomes real. This may be achieved in the current setup by replacing M3 with a variable
density ND filter. Such an LO field is also advantageous in that its intensity can be controlled to
obtain an optimal LO power level for maximizing the signal-to-noise ratio of the retrieved FAST
CARS signal [36].

The simulated curves in Figs. 3.7(c) and 3.7(d) were obtained with the following parameters:
Q2 =300 cm™Y, Qs = 650 cm™!, Q3 = 1000 cm™!, with 'y = 15 em™, 'y, = 10 cm™!, and

1

I'; = 20 cm™ . The probe pulse width was dw = 30.5 cm™*, and the delay parameters 7, = 0.06

fs and 67 = 0.65 fs.
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4. SUPERCONTINUUM GENERATION IN LARGE MODE AREA PHOTONIC CRYSTAL
FIBERS AND APPLICATIONS IN COHERENT ANTI-STOKES RAMAN
SPECTROSCOPY*

In the previous chapters we have demonstrated single-beam CARS based on a femtosecond
oscillator. Despite its simplicity in setup, the detection range is limited below 1000 cm™! due to
the finite bandwidth of the oscillator used. To extend the spectral coverage, one needs to adopt
excitation sources with broader bandwidth. As a robust and easy-to-achieve method, SC genera-
tion in PCFs has been widely adopted in various nonlinear microscopic applications to extend the
wavelength coverage. In this chapter we will review the basics in SC generation, and focus on
those implementing LMA PCF. Detailed theoretical and experimental investigation of the SC gen-
eration process in LMA PCF pumped by a high-energy, high-repetition rate picosecond Nd:YVO,
laser will be carried out [104]. We analyze the influence of the fiber structure and length on the
supercontinuum power, spectral shape, and group delay dispersion, and identify the experimental
conditions for stable supercontinuum generation. As a result, we demonstrate SC generation with
microjoule-level pulse energy, and with spectrum extending beyond 1600 nm— which allows ex-

citation of Raman modes up to 3000 cm™!

and beyond. Finally, we show reliable and efficient
operation of a coherent anti-Stokes Raman microspectroscopy setup using this supercontinuum

source, followed by the construction of a CARS microscope based on it.
4.1 Supercontinuum generation introduction

Shortly after the invention of the laser technology, various nonlinear effects were studied,
which formed the basis of wavelength extension in bulk media. This included optical Kerr ef-
fect [105], self-focusing [106], four-wave mixing [107], and stimulated Raman scattering [108].

In 1970, Alfano and Shapiro demonstrated the first significant spectral broadening in borosilicate

*Part of this chapter is reprinted with permission from "Picosecond supercontinuum generation in large mode area
photonic crystal fibers for coherent anti-Stokes Raman scattering microspectroscopy” by Y. Shen, A. A. Voronin, A.
M. Zheltikov, S. P. O’Connor, V. V. Yakovlev, A. V. Sokolov, and M. O. Scully, 2018. Scientific Reports, 8, 9526,
Copyright[2018] by Creative Commons Attribution 4.0 International License.
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glass pumped by high power picosecond pulses [109]. This was followed by numerous experi-
ments, mostly pumping solid glass or liquid-filled jet with amplified dye laser systems [110]. The
advent of high quality single-mode fiber around the 1970s provided yet another platform for SC
generation, with much lower power threshold due to the improvement in interaction length. The-
oretical and experimental investigation into the fiber-based supercontinuum generation had been
conducted, and had covered important topics such as optical solitons and modulation instability
[111, 112]. Relative applications such as wavelength division multiplexing and optical coherence
tomography had also pushed the technology forward.

By the end of the century, another revolution hit the field, with the introduction of the PCE.
Conventional ultrafast pump sources such as Ti:Sapphire, Nd- or Yb- based lasers all emit below
the zero dispersion wavelength (ZDW) of silica glass, therefore hard to reach the anomalous disper-
sion region in glass fibers. With PCF, however, such dispersion can be engineered by controlling
the surrounding structure, allowing the ZDW be tuned below the pump wavelength. This, in turn,
led to efficient SC generation via solitonic effects [113, 114]. Various SC generation schemes have
been demonstrated in the past decades [115], with ever increasing power [116] and blue-shifting
of the cut-off edge [117]. Studies have also been carried out using other type of glass for SC gen-
eration [118], or using liquid- [119] or gas-filled hollow core PCF [120]. And these SC generation
schemes have found wide applications in diverse fields such as optical communication, metrology,
and biophotonics [121, 122, 123, 124].

CARS has also benefited from the development of the SC generation [125]. Early experiments
focused on multiplex CARS scheme based on the SC source [33, 34, 126, 127]. Later on, SC
generation was also incorporated in other CARS schemes, such as single-beam [72] and spectral
focusing [128] CARS. To increase the system robustness, all-fiber-source CARS systems were also
developed, in which the SC generation served as a key ingredient [129, 130]. SC generation has
also been applied in stimulated Raman scattering microscopy [131], and all these improvements
have advanced the commercialization and practical application of coherent Raman scattering mi-

crospectroscopy [44].
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A typical SC-based CARS scheme uses a femtosecond Ti:Sapphire laser to pump a short (sev-
eral centimeters) small-core PCFs with high nonlinearity [128]. Other excitation sources such as
sub-nanosecond microchip laser [34] or Er-doped fiber laser [132] have also been implemented.
On the other hand, LMA PCFs, which possess low nonlinearity and are commonly used for light
delivery [133, 134], have also been found applicable in SC generation. It should be noted that
power scaling of SC generation is not straightforward: for a given pulse duration, pump power
is narrowly constrained by the fiber used, and in order to, for example, scale up the generated
SC power, the whole experiment, including the fiber, needs to be redesigned. Early research had
analyzed SC spectra obtained from different LMA PCFs pumped by a nanosecond laser [135],
but with relatively low pump power (~100 mW) and long fiber length (100 m). Others had used
amplified femtosecond laser to excite short-length LMA PCF [136, 137]. While achieving pJ level
pulse energy with octave spanning spectrum, the resulting average power only reached mW level.
A pump source with picosecond pulse output was also implemented, in an experiment focused on
LMA PCF with large air-filling ratio [138]. For more common, commercially available LMA PCF,
one expects to achieve pJ level pulse energy, and simultaneously reaching Watt-level output power,
by using an appropriate repetition rate of the pump source [139]. Yet more careful characteriza-
tion of such SC is required, and systematic study of its dependence on various fiber parameters is
needed.

In terms of CARS application, there have been a few demonstrations using SC generation in
LMA fibers [139, 140], and our present work builds upon these proof-of-principle experiments.
The LMA-PCF-based SC source offers several advantages: the large core-size can sustain signifi-
cantly more power as compared to the small-core, highly nonlinear PCEF, offering bright SC output
with both high pulse energy and high average power; the intrinsic low N.A. of the fiber allows easy
free-space coupling, and the LMA fibers are easier to process in terms of splicing and connector-
ization, allowing implementation towards all-fiber setups; when pumped with a picosecond laser
slightly above 1000 nm, as we will show in this chapter, the generated SC spectrum is predomi-

nantly red-shifted, and shows good flatness and smoothness in the infrared region— which forms
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an ideal combination for multiplex CARS, providing good spectral resolution, broad coverage of
Raman bands, and minimal damage to cells and tissue [141]. Such a source is very promising for
potential CARS applications in microscopy [142], cell cytometry [139], as well as in combustion
diagnostics [42].

In the next section we investigate the SC generation in several commercially available LMA
PCFs. We show that high power SC can be efficiently generated with spectrum extending beyond
3000 cm~! from the excitation wavelength. Spectral and temporal behavior of the SC from differ-
ent fibers are characterized in details, and we evaluate how different fiber parameters affect the SC
generation process. Computer simulations are carried out to provide insights into the processes un-
derlying the SC generation. As a final result, we demonstrate CARS spectroscopy and microscopy
utilizing this novel SC source, and show improved spectral coverage compared to previous works

[139, 140].
4.2 Supercontinuum generation in large-mode area photonic crystal fibers
4.2.1 Theoretical investigation

To understand the mechanisms of the SC generation process in LMA PCF, we first performed
theoretical simulations in a 10-m-long LMA-20 fiber, and visualize the SC development with
increasing excitation powers. Our numerical analysis was based on the generalized nonlinear

Schrodinger equation [121, 51, 143] for the field envelope:

6A(w’z)il~)(w)‘4(wvz)a(w)A(w,z)—l—ﬁ{iwo?T

0z 2

/R(nn')[(n',z)dn'} A(n,z)}. 4.1)

— 00

Here, A(t,z) is the field envelope, A(w,z) is its Fourier transform, z is the coordinate along
the propagation axis, ¢ is the retarded time, w=27c/\ is the radiation frequency, A is the wave-
length, F' is the Fourier transform operator, D=0(w)— () —08/0w|u, (w—wp), wo is the central
frequency, 3(w) is the propagation constant, «(w) is the attenuation coefficient, Tzl—i—iwo_ Lolot,

ny is the nonlinear refractive index, R(t)=(1—fr)d(t)+frh(t) is the optical response function,
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which includes the instantaneous (Kerr-type) and retarded (Raman-type) parts, (t) is the delta
function, fr is the fraction of Raman nonlinearity in the nonlinear response, and h(t) is the Raman
response function. The Raman response function was approximated in our model with a standard
damped-oscillator model [121], h(t)=(72+72)7; '7; *exp(—t/7s)sin(t/7;). Simulations were per-
formed for typical parameters of fused silica [121, 51]: 79=3.2x1070 cm?/W, fr=0.18, 11=12.5
fs, and 72=34 fs. The fiber dispersion profile was defined in such a way as to mimic the dispersion
of the LMA-20 fiber with the group-velocity dispersion (GVD) passing through the zero at the
wavelength \,~1.23 um [144].

The nature of the physical problem, which deals with broadband SC field waveforms generated
by narrowband, picosecond input laser pulses, propagating over large fiber lengths, dictates a high
computation complexity of simulations [145]. For an adequate description of the SC generation
process in our experiments, simulations have been performed on a computational grid consisting
of 2'7 nodes with a 0.5-fs step in the time variable and 2x10° nodes with a 50-um step along
the z-coordinate. When performed on such a computation grid, simulations provided an accurate
description of the SC output of the PCF we measured.

Figure 4.1 displays the simulation results for the 10-m-long LMA fibers, revealing important
tendencies in SC generation and providing important insights into the physics behind spectral and
temporal transformations of picosecond laser pulses in LMA PCFs. As is clearly seen in Figs. 4.1a
and 4.1b, the initial stage of the SC generation is dominated by stimulated Raman scattering, in
good agreement with prior experimental data [146]. Intense Raman sidebands are readily visible
in the PCF output for input laser energies in the range of 70 nJ (Fig. 4.1a). As the input laser
energy is increased to about 100 nJ, higher-order Raman sidebands start to show up in the fiber
output. At even higher input laser energies, these Raman sidebands seed a parametric FWM decay
of the pump into Stokes and anti-Stokes FWM sidebands. This parametric conversion is especially
efficient near the ZDW where FWM processes of this type are automatically phase-matched [147].
The long-wavelength part of the SC field that falls in the range of the anomalous GVD gives rise

to multiple optical solitons, which undergo a continuous self-frequency shift, due to the Raman
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Figure 4.1: The supercontinuum (SC) output of the 10-meter large-mode area (LMA) photonic
crystal fiber (PCF): (pink line) experiments and (blue line) simulations. The energy of the SC
output is 0.067 pJ (a, b), 0.17 pJ (c, d), 0.31 uJ (e, f), 0.63 ©J (g, h), and 1.27 uJ (i, j). The fiber
dispersion profile is shown by the dash-dotted line in (i).
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effect, as the pulse propagates along the fiber. These Raman-shifted solitons are clearly visible as
intense peaks in the temporal envelope of the SC output in Fig. 4.1.

A clearer picture of the soliton development process is demonstrated through spectrograms
shown in Fig. 4.2. Well-isolated features corresponding to the solitons are visible at the output
when the SC energy reaches 0.41 uJ in Fig. 4.2d, and increases in number as the pulse energy
gets stronger. Meanwhile, dispersive waves originate from these solitons also appear as isolated
packets on the anti-Stokes side of the excitation wavelength, and their correlation can be directly
drawn from the spectrograms. In addition, the effect of chromatic dispersion due to fibers are better

visualized in Fig. 4.2 as a parabolic variation of spectral components over wavelength.
4.2.2 Experimental results

LMA PCFs tested here included LMA-15, LMA-20, LMA-25, and LMA-PM-15 (NKT Pho-
tonics), all of which showing similar dispersion curves with ZDW close to 1230 nm [144]. The
first three fibers are normal LMA PCEF, with core sizes 15 pm, 20 um and 25 pm, respectively; the
last one is a polarization-maintaining LMA PCF with a core size of 15 um. Their cross-sections
after cleaving are shown in Fig. 13, and their parameters are listed in Table 4.1 [144]. The power
of the SC output was measured by a thermopile power meter (PM10, Coherent), and the spectra
were acquired by a combination of a visible (BlueWave, Stellarnet) and a near infrared (EPP2000,
Stellarnet) spectrometer modules, both corrected for the spectral response. When testing the LM A-
PM-15, we also added a half-wave plate in front of the in-coupling lens before the PCF to control

the polarization of the incident light.

Fiber Core size (um) A, (nm) Bend edge (nm) N.A.
LMA-15 15.1 1222 500 0.07
LMA-20 19.9 1226 700 0.06
LMA-25 25.0 1235 900 0.05

LMA-PM-15 14.8 1221 500 0.07

Table 4.1: LMA PCF parameters. ), represents the zero dispersion wavelength (ZDW) of the fiber.
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Figure 4.2: Spectrograms of the SC output of the 10-m-long LMA PCEF. The energies of the SC
output are 0.24 uJ (a), 0.35 pJ (b), 0.41 pJ (), 0.45 pJ (d), 0.56 pJ (e), and 0.63 pJ (f).
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Figure 4.3: Cross-sections of the LMA PCF: (a) LMA-15, (b) LMA-20, (c) LMA-25, and (d)
LMA-PM-15. The scale bars in all figures indicate 20 pm.

First, as a verification to our theoretical model, we have collected SC spectra from a 10-m-
long LMA-20 PCF with the corresponding pulse energy, and the results are plotted together with
the theoretical simulation curves in Fig. 4.1. In general, the experimental spectra fall in good
agreement with the simulation predictions in spectral shape and major sideband positions. Minor
deviations in the peak structures could be the result of calibration errors, finite resolution, and lim-
ited dynamic range of the spectrometer module. Bending and tension in the fiber also contributes
to the disagreement between the theoretical and the experimental data, as their effects are hard to
quantify numerically for the simulation.

Given the fact that the LMA fibers studied here share similar dispersion profile and same core
material, it is expected that the LMA-15 and LMA-25 PCF follow similar SC generation process
as demonstrated above. However, the difference in core size and bent edge can lead to significant
differences in the SC pulse energies and spectra, especially on the short-wavelength side of the
pump wavelength. We examined such differences by comparing the SC spectra generated from
5-m-long LMA-15, LMA-20, and LMA-25 fibers, as shown in Fig. 4.4. Figure 4.4a indicates
that, under a relatively low pump power (1.36 W), SC spectrum in fibers with smaller core gained
broader extension in wavelength compared to that with a larger core under the same excitation
power. This is reasonable due to their smaller effective areas, which led to higher nonlinear co-
efficient and therefore enhanced wavelength extension. Under a higher pump power of 3.8 W,

the SC spectra from the three fibers are shown in Fig. 4.4b. Despite the similar broadening on
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the long-wavelength side, the SC spectra exhibited vast difference in the visible range, with the
LMA-15 spectrum extended into the blue light region, the LMA-20 spectrum ended close to 600
nm, and the LMA-25 spectrum edge further red-shifted to 700 nm. We note that, while 3.8 W of
pump power was close to the damage threshold of the LMA-15 fiber, for LMA-20 and LMA-25 the
pump power could be safely increased up to 5 W and 8 W, respectively. But the corresponding SC
pulse energy only rose to 1.6 W and 1.9 W, respectively; and the spectra obtained from these fibers
under higher pump power showed insignificant changes in their visible-range performance. The
major reason leading to such differences between fibers can be the excessive loss of light close to
the bend edge of the fiber. Other factors such as changes in nonlinearity and ZDW can also affect

the short-wavelength-side performance of the SC [135].
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Figure 4.4: SC spectra generated from 5-m-long LMA-15, LMA-20, and LMA-25 fibers, under
a pump power of (a) 1.36 W and (b) 3.8 W. Legends show the corresponding length and the SC
power for each curve.

Another factor influencing the output SC pulse is the fiber length. We expect longer fibers to
have a lower onset power level for the spectral broadening to occur beyond their ZDW, because the
soliton fission length is inversely proportional to the square root of the peak intensity [51]. This
is indeed the case, as we can see in Fig. 4.5a where three SC spectra obtained from the LMA-20

PCF with 2-meter, 5-meter, and 10-meter fiber length are plotted, all pumped at 1.36 W. While for
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the 2-m-long LMA-20, the SC spectrum extended only up to 1200 nm, those from 5-m-long and
10-m-long PCFs had exceeded 1600 nm, and the SC generated in the 10-m-long fiber also showed
significant extension on the short-wavelength side of the pump, corresponding to the simulation
shown in Fig. 4.1g and Fig. 4.2f. The SC spectra under higher pump power (5.8 W) are plotted
in Fig. 4.5b. Overall, we see that longer fibers offered better flatness and smoothness in their SC
spectra from the visible to the short-wave IR region. For the 2-m-long LMA-20 fiber, the variation
in spectral intensity exceeded 15 dB in the range from 1000 nm to 1600 nm, while that for 5-m-
long and 10-m-long fibers were 7.7 dB and 6.5 dB, respectively. On the other hand, SC pulse
energy saw significant decrease as the fiber length increase, which again could be attributed to the

loss due to bending and tunneling modes.
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Figure 4.5: SC spectra generated from LMA-20 fiber with 2-meter, 5-meter, and 10-meter length,
under a pump power of (a) 1.36 W and (b) 5.8 W. Legends show the length and output SC power
of the corresponding curves.

When varying fiber length, chromatic dispersion also plays an important role in SC charac-
teristics, as we have already seen in the simulation result. To visualize and quantify the effect of
fiber dispersion, we have constructed a CARS setup, and used the anti-Stokes nonresonant signal
from a microscope slide (Micro Slides, VWR) to infer the temporal behavior of the generated SC.

Details of the setup will be provided in the next section. We measured a sequence of spectra at
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varying pump and Stokes delay times, and Fig. 4.6 shows three such spectrograms recorded for the
SC generated in 2-m-, 5-m-, and 10-m-long LMA?20 fibers. We notice the group delay dispersion
and pulse-broadening effects become significant in the case of a longer fiber. For the 10-m-long
LMA-20 fiber, the leading edge of the anti-Stokes signal pulse was around 935 nm, corresponding
to ~ 1230 nm in the SC pulse, which is the ZDW of the fiber; and on either side of ZDW the pulse
was stretched in time up to 25 ~ 30 ps. The spectrogram for the 2-m-long LMA-20 fiber, on the
other hand, shows little broadening due to dispersion. The measured spectrogram in Fig. 4.6¢ ex-
hibits similar chromatic dispersion property as that in Fig. 4.2f, yet the fine details of the temporal
behavior, such as those related to soliton mechanism, are not visible. This is because the pump
pulse extended up to 7 ps in time, therefore the spectrogram lacked temporal resolution, and the
peak information from various solitons were smoothed out due to the convolution with the pump
pulse. Either probing with a synchronized femtosecond laser or examining the SC pulse through
optical time-stretch [148] can be a solution to visualize the soliton behavior shown in Fig. 4.2f.

To evaluate the effect of bending loss associated with these fibers, we first take another look at
how the SC develops with increasing pump power. Figure 4.7a shows a set of SC spectra collected
for a 2-m-long LMA-20 fiber under increasing excitation power, and the results followed a similar
trend as that shown in the simulation in Fig. 4.1. We also plot the relationship between the pump
power and the output SC power in Fig. 4.7b. When the pump power was low, an increase in the
pump power led to a linear growth in the SC power, and the throughput remained above 50%;
when the excitation power exceeded 4W, the growth rate of the SC power decreased sharply, and
the SC power saw a saturation around 2W. The turning point coincided with that when the SC
started to develop its visible portion. It is reasonable to believe that the saturation was mainly due
to the visible SC light escaping the fiber via higher-order modes or tunneling modes. Therefore,
the excessive power used to generate this visible portion is lost during transmission, and the SC
sees saturation in power.

For a direct comparison, we recorded the SC spectra from the 2-m-long LMA-25 fiber in bent

and straight status. When bent in spool, the bending radius of the fiber was around 12.5 cm. The SC
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Figure 4.6: Spectrograms of the nonresonant anti-Stokes signal from a microscope slide. SC
Stokes pulse are generated from LMA-20 fibers with a length of (a) 2m, (b) 5m, and (c) 10m.

68



14 —321mW ‘é‘ 2400 | (b)
g é . " m u
c 01 = 1600 .
z 3
2 0.01; o .
g S 800 .
€t 1E-3: a "
-_— =]
S ol "
1E-4 o . . ‘ ‘
600 900 1200 1500 0 2 4 6
Wavelength (nm) Input Power (W)

Figure 4.7: (a) SC spectra generated from a 2-m-long LMA-20 fiber. Legends show the output SC
power of each curve. (b) The dependence of the SC output power as a function of the input power.

spectra from bent and straight fibers are plotted in Figs. 4.8a and 4.8b, respectively. As expected,
the SC produced by the straight fiber displayed a major difference as compared to the bent one in
its visible range performance, with the visible cut-off edge shifted from 700 nm to 600 nm; and
the SC power increased from 2.2 W to 3.2 W under the same pump power of 8.3 W. This can be
attributed to the reduced bending loss in the straight fiber, which preserved more power in the SC
generation and transmission. Also, we noticed that for the straight fiber spectrum, a peak signal
around 800 nm appeared when the SC power increased to 1.8 W. This could be due to the coupling
between the pump and the SC Stokes, producing anti-Stokes SC signal, as we can observe a minor
dip structure occurring around 1590 nm in Fig. 4.8b.

Finally, we note that all the SC generated in previous fibers are un-polarized. In order to
obtain efficient SC source for polarization-sensitive application, we tested the SC generation in
a polarization-maintaining LMA PCF. The SC spectra from LMA-PM-15 fiber are shown in Fig.
4.9, with the excitation polarization along the fast- and slow-axis of the fiber plotted in Figs. 4.9a
and 4.9b, respectively. For the SC excited along the slow-axis, two spectral peaks emerged when
SC power reached 710 mW, one around 890 nm and the other around 1320 nm. By placing a
polarizer at the SC output, we found that these spectral components had a polarization along the

fast axis. This can be attributed to the FWM process, in which the pump beam seeded spectral
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Figure 4.8: SC spectra generated from 2-m-long LMA-25 fiber in (a) bent and (b) straight status.
Legends show the output SC power of each curve. The curves in the two plots with the same color
shares the same excitation power.

components in the fast axis mode that appeared symmetrically on both sides of the excitation
wavelength, and satisfying the phase-matching condition [51]. We note that the SC generation
shown in Fig. 4.9a has a similar spectrum to that generated in the 2-m-long LMA-15 fiber, with a
slightly lower output power of 1.3 W compared to the 1.6 W from the latter. However, given the
fact that the output light was linearly polarized, the SC generation in the polarization-maintaining
LMA fiber actually contained more useful power as compared to a typical LMA fiber, especially for
polarization CARS application. Therefore it is reasonable to expect that a polarization-maintaining
version of the LMA-20 and LMA-25 PCF can produce higher power with linearly polarized SC
light.

We have shown some typical SC spectra from LMA PCF above. Benefiting from the high
brightness SC source, we can implement a high efficiency CARS system, and construct a micro-

scope based on this novel source, as we will describe in the following section.
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Figure 4.9: SC generation from the 2-m-long LMA-PM-15 fiber, with (a) and (b) showing ex-
citation along the fast- and slow-axis, respectively. Legends show the output SC power of each
curve.

4.3 Application to multiplex coherent anti-Stokes Raman scattering microspectroscopy
4.3.1 Setup description

The experimental setup for CARS microspectroscopy is shown in Fig. 5.1. An industrial
Nd:YVO, laser centered at 1064 nm (APLX-10, Attodyne) was used as the pump source, which
output 7 ps pulses at the 1-MHz repetition rate. The output beam was divided into two arms, and
the power in each arm was controlled by the combination of a half-wave plate and a polarizer. The
output of one arm was launched into the LMA PCF for the SC generation using a plano-convex lens
(AC254-100-C-ML, Thorlabs), and was subsequently collimated by an off-axis parabolic mirror
(MPD229-M01, Thorlabs); the other arm was sent to a delay stage to ensure a proper temporal
overlap of the pulses from the two arms at the sample. Note that the same setup has been applied
in the SC characterization mentioned in the previous section.

The SC beam was filtered by a long-pass filter (FELH1150, Thorlabs) before recombining
collinearly with the 1064-nm beam through a dichroic beam-splitter (LPD02-1064RU-25, Sem-
rock). The SC was used as the Stokes beam, and the 1064 nm radiation was used as the degenerate

pump and probe beam in the CARS experiment. Both beams were aligned to the same polarization
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Figure 4.10: Schematic of the picosecond SC CARS system. ISO: isolator; HWP: half-wave plate;
PBS: polarizing beam-splitter; BD: beam dump; OAP: off-axis parabolic mirror; LPF: long-pass
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filter.

72



by a polarizer (LPNIR100-MP2, Thorlabs) and attenuated to appropriate power before focusing
onto the sample. The transmitted light was either directed to a CCD camera by a flip mirror
for bright-field imaging, or guided through a short-pass filter and then sent to the spectrometer

(Holospec, Andor) with the attached TE-cooled CCD (iDus416, Andor) for detection.
4.3.2 Result analysis

For demonstration of CARS microspectroscopy, we have chosen to use the 2-m-long LMA-20
fiber as the SC source. The short fiber length eliminated the need for large chirp compensation;
and the LMA-20 PCF produced more useful Stokes power compared to the LMA-15 fiber, while
requiring only moderate excitation power, leaving us plenty of room for power control in the pump
beam. As an example, we first show CARS spectroscopy of the ambient air. The power of the
pump and Stokes beams were measured to be 89 mW and 139 mW, respectively. We loosely
focused the beam into the air using a lens with a focal length of 100mm (we estimated the beam
waist to be ~30 pm), and set the integration time to be 50 ms. Figure 4.11 shows a typical CARS
spectrum obtained from the ambient air, with the vibrational peaks corresponding to nitrogen and
oxygen molecules marked in the graph. The ratio of the nitrogen peak count over the oxygen peak
count was around 15, which is reasonably close to the previous result [149], taking into account the
quadratic dependence of the CARS signal on the concentration and the variation in spectrometer
efficiency.

Next we performed CARS microspectroscopy using a mixed sample of polystyrene (PS) and
PMMA beads as the sample. The beads were surrounded by immersion oil (Type B, Cargille Lab),
and the whole mixture was sandwiched between two coverslips (Micro Cover Glasses, VWR).
Typical CARS spectra of the three species are shown in Fig. 4.12a, and the bright-field image is
shown in Fig. 4.12b. We selected three characteristic bands in the C-H stretching region corre-
sponding to each material for imaging. The center Raman shifts were chosen to be 3050 cm™1,
2950 cm~*, 2850 cm~! for PS, PMMA and immersion oil, respectively. The retrieved images from
these bands are shown in Figs. 4.12c, 4.12d, and 4.12e, respectively. From these figures we can

easily identify the PS and PMMA beads from the background. The power of the pump and Stokes
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Figure 4.11: CARS signal collected from the ambient air using the picosecond SC setup, exhibiting
two peaks corresponding to nitrogen (2331 cm™!) and oxygen (1556 cm™!) vibrational transitions.

beams were 1.9 mW and 1.3 mW, respectively, with a pixel dwell time set to 40 ms. The focus-
ing element was an off-axis parabolic mirror which had a focal length of 15 mm, and signal was
collected by an achromatic lens with 30 mm focal length. We estimate the spatial resolution to be
4 uym. We note that the selection of the dwell time was limited by the CCD shutter, which has an
open/close time around 10 ms. It is possible to reduce the exposure time by adding an additional
fast shutter in the laser path to make the exposure down to 10 ms or less, which is more common
for multiplex CARS setup [37, 54]. We also note that there is still much space for improvement on
the signal level, due to the low N.A. (0.37) focusing element used here.

We further demonstrated imaging of micron-size diamond flakes with nickel embedded in it
[150]. A typical CARS spectrum of the diamond sample and the background signal is exhibited
in Fig. 4.13a. The diamond signal at 1332 cm™! is clearly pronounced, and the peak around 885
nm is due to nickel [150]. Again, a bright-field image of the structure captured is shown in Fig.
4.13b, and the three retrieved CARS images corresponding to the background, the nickel, and the
diamond are presented in Figs. 4.13c, 4.13d, and 4.13e, respectively. Here the power of the pump

and Stokes beams were 5.1 mW and 3.9 mW, respectively, with the pixel dwell time 40 ms. We
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Figure 4.12: (a) CARS spectra from polystyrene (PS), poly(methyl methacrylate) (PMMA), and
immersion oil. (b) Bright-field image of the captured bead structure. The retrieved image using the
signal in the three bands marked in (a) are shown in (c), (d) and (e), plotted with their corresponding
colors.
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note that, due to the opacity of these flakes, the epi-detection CARS setup [44] could yield even

higher signal level compared to the signal detected in a transmission geometry, as it was used here.
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Figure 4.13: (a) CARS spectra from diamond flakes. (b) Bright-field image of the captured flake
structure. The retrieved image using the signal in the three bands marked in (a) are shown in (c),
(d) and (e), plotted with their corresponding colors.

4.4 Coherent anti-Stokes Raman scattering microscope construction

Following the demonstration in the previous section, we designed and constructed a microscope
based on our SC source using the LMA PCF. For the main frame we used a commercial up-
right microscope (LV-series, Nikon). By fixing the top trinocular and incorporating a slide mirror
above the epi-illuminator, easy switching between the bright-field imaging and the laser-scanning

CARS imaging is achieved. Currently we use a reflective objective (LMM-40X-PO1, Thorlabs)
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(b)

Figure 4.14: CARS microscope using the LMA-PCF-based picosecond SC source. (a) Microscope
stand built using Nikon components and custom parts. (b) CARS setup layout.
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to focus the incident laser beam, with a throughput ~30%. The transmitted signal is collected
by another objective (20X Plan Fluor, Nikon) with the same 0.5 NA. This signal is then sent to
the spectrometer after proper filtering. On the other hand, the reflected signal can be collected by
the focusing objective and propagates backward. A longpass filter in the beam path (FELH1000,
Thorlabs) reflects this signal, and guides it to another slide mirror, which is used to switch between
the forward- and the epi-detection mode. When using the epi-detection mode, forward signals are
blocked, and the back-scattered light is sent to the spectrometer by the flip mirror.

We use a motorized scanning stage (OptiScan, Prior Scientific) for 2D scanning of sample in
XY directions. In addition, we have mounted two z-drives (PS3H122R, Prior Scientific) on the top
and bottom focusing block to move the two objectives simultaneously, so as to achieve scanning
in the z-direction. This can also be achieved through a z-scanning stage on the sample. The XY-
stage has a maximum travel of 100 mm in one direction, and a minimum resolution of ~1 pm.

The layout of the microscope and the whole CARS system are shown in Figs. 4.14a and 4.14b,

respectively.
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Figure 4.15: Test CARS spectra obtained from (a) glycerol liquid and (b) L-cyctine powder, using
forward- and epi-detection, respectively.

We first demonstrate some test spectra acquired from standard samples. Figure 4.15a shows
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the CARS spectrum of glycerol (Sigma Aldrich) obtained in the forward detection. The integration
time was set to 100 ms, and the laser power on the sample were 5 mW and 4.9 mW for the pump
and the Stokes beam, respectively. We can see clearly the signal in the C-H stretching region,
but for those in the fingerprint region, the signal level is relatively low. We also demonstrate epi-
detection capability by taking the back-scattered CARS spectrum from L-cystine powders (Sigma

Aldrich) using the same power and acquisition settings, and the result is given in Fig. 4.15b.
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Figure 4.16: CARS microscopy of oil droplet. (a) Retrieved CARS image of the oil droplet using
the aliphatic C-H stretching signal. (b) Bright-field image of the droplet. The anti-Stokes spectra
of the oil signal and the background are shown in (c) and (d), respectively, with green vertical bar
indicating the signal region used for image reconstruction in (a).
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Next we demonstrate 2D scanning capability by imaging an oil droplet. Figure 4.16a shows the
CARS image of the droplet, and Fig. 4.16b its bright-field image. Integration time was set to 100
ms, and the capture of the whole hyperspectral image took about 10 minutes. Note that the software
has not been optimized, and the high signal-to-noise ratio (SNR) could allow less integration time
on the order of millisecond, therefore reducing the total image time to less than a minute. In
addition, we performed 3D scanning on PMMA microspheres by incorporating z-scanning, and
the result is plotted in Fig. 4.17. The 3D image is reconstructed in a point cloud fashion, and each
point is color-coded with the signal intensity. Benefiting from the hyperspectral data, we can obtain
the signal through the unique spectral feature of PMMA— by taking the subtraction between the
peak count at 2920 cm~! and that at 2850 cm~!. In this way, the immersion oil will give a negative
signal and can be eliminated in the plot. Also notice that the glass gave a weak background and
appeared in Fig. 4.17c¢ at the top and bottom of the bead, and this can also be eliminated by setting

a higher signal threshold.
4.5 Discussions

The typical coupling efficiencies for all LMA fibers in a low power regime were around 60%,
mostly due to input coupling loss. Higher coupling efficiency (up to 90%) could be achieved
through spatially filtering the laser mode. However, this imposes a large waste on the laser power
and heating load on the spatial filter. Further improvement can be made using wavefront correction
tool on the pump beam.

CCD etaloning effect during spectral acquisition was found to be significant. Because the
fingerprint region is between 900 and 1010 nm, etaloning will impose serious fringing problems
for back-illuminated CCD, especially when the nonresonant background is prominent. We came
up with a simple solution to this challenge by utilizing a single-mode fiber for coupling into the
spectrometer. If the fiber’s core-size is smaller than the CCD pixel size (about 15 pm), then,
by recording the spectrum of a calibrated source, say, a halogen lamp, a correction curve can be
measured and the fringe on the spectrum can be suppressed through post-processing. The function

of the single-mode fiber is similar to the pinhole in a confocal microscope, thus, offering additional
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Figure 4.17: 3D CARS microspectroscopy of PMMA beads. (a) Bright-field image of the target
beads. (b) CARS spectra of PMMA (black) and immersion oil (red). (c) Color-coded 3D CARS
image of the PMMA beads.
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advantage in spatial resolution to the microspectroscopy system.

We also note that, given the efficiency roll-off of the CCD close to and above 1000 nm, it is
necessary to assign more power in the low wavenumber region so that the final CARS signal had
higher signal-to-noise ratio across the detection range. In this sense, it is reasonable to use a 2-
m-long fiber, which offers optimal power ratio and produces relatively insignificant group delay
dispersion.

As compared to standard multiplex CARS scheme using highly nonlinear PCF, our microscope
gives similar performance in the C-H stretching region. The glycerol signal from the standard
setup [37] was also giving ~10000 counts, with an effective integration time of 5 ms, and a laser
power of 13 mW and 12 mW for the pump and the Stokes beam, respectively. For our result
in Fig. 4.15a, a similar count number was reached with 20 times longer integration time, but
weaker laser energy. Providing the same excitation power and same integration time, our setup can
potentially yield higher count number. But it should be noted that due to the efficient intra-pulse
excitation, a femtosecond multiplex CARS system offers more efficient detection in the finger-print
region [37]. Further improvement on our setup include choosing appropriate focusing objective for
tighter focus, as well as taking a deeper look into the SC generation in LMA fibers— for example,
by pumping further into the normal dispersion region so as to form compressible high-energy SC
[151].

In conclusion, we have demonstrated SC pulse generation in LMA PCF with micro-joule pulse
energy and Watt-level output power. Different fiber parameters have been tested, and their effects
on the spectral and temporal behavior of the generated SC were evaluated. Theoretical simula-
tion has been carried out to provide additional insights into mechanisms of the SC generation, and
showed good agreement with the experimental results. We have demonstrated CARS spectroscopy
in the ambient air, as well as CARS imaging of microspheres and diamond flakes using this op-
timized SC source. We have also constructed a CARS microscope based on the SC source, and
have shown its scanning capability. We believe this will be an alternative and preferable CARS

microspectroscopy setup for biomedical and other applications [54].

82



5. WIDE-FIELD COHERENT ANTI-STOKES RAMAN SCATTERING MICROSCOPY
USING PICOSECOND SUPERCONTINUUM *

Modern microscopic technologies such as bright-field, dark-field, phase contrast, confocal, and
fluorescence microscopy has served as vital tools in material science and biology [152]. Raman
scattering, as we have mentioned in the first chapter, has also seen significant development in mi-
croscopic applications, due to its capability in chemical-specific imaging. This include researches
over a broad range of studies such as petrography, pharmacy, and polymer science. Commercial-
ized Raman microscopes has also become available in the recent decades. However, the employ-
ment of Raman microscopy in practical imaging system, especially those requiring fast imaging
speed and high frame rate, has been limited due to its low scattering efficiency, as well as the
commonly existed autofluorescence background from the sample.

Then, benefiting from its high signal level and the automatically satisfied phase-matching con-
dition under tight focusing [31], CARS microscopy has been adopted as the promising new tool for
chemical-sensitive imaging, and implementations of CARS microscopy so far are largely based on
laser scanning methods [37, 41, 128]. However, for fast imaging applications that cover a signifi-
cant number of pixels, there is a severe limitation on the pixel dwell time, and so far only materials
with large CARS scattering cross-sections have been used in video-rate imaging [35]. Wide-field
CARS imaging, as an alternative to laser-scanning-based CARS imaging, allows simultaneous
illumination and collection over a wide region, and could potentially enhance acquisition speed
[44]. In this chapter, we give a brief overview on the wide-field CARS development, and present
our work on wide-field CARS microscopy using the SC source based on LMA PCF described in
the last chapter. Video-rate imaging of a standard polymer bead sample is demonstrated, and we
discuss the advantages and limitations of our wide-field CARS system, as well as possible ways of

improvements.

*Reprinted with permission from "Wide-field coherent anti-Stokes Raman scattering microscopy based on picosec-
ond supercontinuum source”" by Y. Shen, J. Wang, K. Wang, A. V. Sokolov, and M. O. Scully, 2018. APL Photonics,
3, 116104, Copyright [2018] by Creative Commons Attribution (CC BY) License.
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5.1 Introduction to wide-field coherent anti-Stokes Raman scattering microscopy

In the wide-field CARS scheme, nonlinear image is directly obtained by using a wide-field ex-
citation. An early wide-field CARS scheme used complicated illumination geometry to satisfy the
phase-matching condition [142, 153]. In that work, the degenerate pump and probe beams were
focused by a dark-field condenser, such that a ring of light was incident upon the sample at a range
of angles. The Stokes beam then came from below with normal incidence. Such a beam configu-
ration allows a phase-matched CARS signal to be generated, propagating in the direction opposite
to the Stokes beam [142]. However, this exotic illumination geometry requires complicated optics,
and the 10-Hz repetition rate high-energy laser used in that experiment was not suitable for fast
imaging applications.

Schemes using simpler illumination geometries have also been demonstrated [154, 155], in
which the pump and the Stokes beam with finite offset angle were guided onto the sample. To
avoid laser damage in the collection optics, excitation beams were eliminated before entering the
imaging objective. This was done using either a dark-field type collection scheme, or using a
skewed illumination with large inclination angle, such that incident beam did not enter the objective
[154]. Another way is to directly reject the light by a filter in front of the objective [155], but this
can potentially cause image distortion or enhanced background due to the filter itself. Note that
CARS signal generated in this fashion predominantly resulted from nonphase-matched scattering
inside the sample [156], and therefore could lead to lower signal level as compared to the phase-
matched case.

By adopting these wide-field schemes, video rate imaging and even single-shot imaging of
standard and biological sample have been demonstrated [153, 154, 155, 156]. The simplification in
illumination setup and enhancement in imaging frame rate has made wide-field CARS microscopy
very promising for applications in high-speed biomedical imaging. Still, wide-field CARS schemes
demonstrated so far are based on narrowband CARS excitation, and often require complicated
wavelength extension unit like optical parametric oscillator or OPA; simpler scheme has adopted

Raman shifter to produce the Stokes beam, yet here the detection band is limited by the shifter
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element [154].

Here we present a wide-field CARS microscopy setup based on the multiplex CARS excitation
scheme [157]. By using the broadband, high energy SC source generated through LMA PCEF,
multiple Raman bands can be excited over a wide region, and CARS imaging targeting at specific
Raman vibrations can be achieved by applying corresponding bandpass filter during imaging. We
demonstrate its chemical selectivity by imaging a mixture of PS and PMMA microspheres, as well
as nanodiamond flakes. We also show its capability of video-rate imaging using the polymer bead

sample, and discuss its applicability as well as limitations.

5.2 Wide-field coherent anti-Stokes Raman scattering microscopy based on supercontin-

uum from large-mode-area photonic crystal fiber
5.2.1 Setup description

The supercontinuum generation setup were the same as that described in the last chapter [104],
and a sketch of the CARS imaging system is shown in Fig. 5.1b. In brief, the output of a pi-
cosecond laser (APLX-10, Attodyne), with 1 MHz repetition rate and 10 wxJ pulse energy at 1064
nm, was divided into two parts: one was used to pump a 2-meter-long LMA PCF (LMA-20, NKT
Photonics) to generate the SC light, which was used as the Stokes beam; the other part was sent
through a delay stage and served as the pump beam. The Stokes beam then passed through a long-
pass filter (FELH1150, Thorlabs), and recombined with the pump beam on a dichroic beam splitter
(LPDO02-1064RU-25, Semrock). Both were focused collinearly onto the sample using an off-axis
parabolic mirror with a focal length of 100 mm. The diameter of the focal spot was measured to
be 32 pum.

Figure 5.1a illustrates the illumination and the collection scheme. After the sample, the forward-
scattered beam was collimated by a microscope objective (100x LE Plan, Nikon). The excitation
light was blocked by spectral filters, while the CARS signal passed through. The sample image was
projected onto the camera through a tube lens with focal length of 200 mm. A common short-pass

filter (FESH1000, Thorlabs) was used to block the excitation light, while different bandpass fil-
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Figure 5.1: (a). Schematic drawing of the wide-field CARS imaging. Excitation beam (red) illu-
minates a wide area at sample plane (black rectangle), and the CARS signal (green) from a small
object (black cross) is collected by the objective and imaged onto the camera after filter and tube
lens. (b). Experimental setup of the wide-field CARS microscopy. D: dichroic beam splitter;
OAP: off-axis parabolic mirror; S: sample; Obj: microscope objective; F: filter; L: tube lens; Cam:
imaging camera. The inset sketches the PCF input coupling.
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ters were used to address different Raman bands: a bandpass filter centered at 800 nm (FBH0800,
Thorlabs) was used to image the aromatic C-H stretch around 3050 cm™!; another bandpass fil-
ter centered at 810 nm (FBHO0810, Thorlabs) was used for the aliphatic C-H stretch around 2950
cm™!; a tunable bandpass filter consisted of a tunable long-pass (TLP01-995-25x36, Semrock) and
a tunable short-pass (TSP01-995-25x36, Semrock) filter was used to select Raman bands in the fin-
gerprint region. The filters chosen resulted in a spectral resolution of 140 cm ™! and 35 cm~! when
detecting in the C-H stretching region and the fingerprint region, respectively. For the imaging
camera, we tested the system with both a high-end CCD (iKon934, Andor) and a scientific CMOS
(sCMOS) camera (DHYANA 95, Tucsen).

PS and PMMA microsphere were obtained in the form of aqueous solutions (Sigma Aldrich),
with bead sizes of 3 ym and 4 pum, respectively. The mixed sample was prepared by mixing
the two solutions at 1:1 ratio and depositing the bead mixture onto a low-density polyethylene
(LDPE) film (Glad Corporation). Nanodiamonds were also purchased in the form of aqueous
solution (Columbus NanoWorks), and were deposited on the LDPE film to form clustered flakes.
L-cystine powders (Sigma Aldrich) was deposited on a thin polyethylene terephthalate (PET) film
(GoodFellow).

5.2.2 Result analysis

To demonstrate chemical selective imaging, we first show the results obtained from the PS and
PMMA bead mixture. The bright-field image of the sample is shown in Fig. 5.2a, and the PS and
PMMA beads can be clearly distinguished by their sizes. Figure 5.2b and 5.2c show the CARS
images obtained with the 800 nm and 810 nm filter, respectively. By applying the 800 nm filter, the
aliphatic C-H stretch signal from PMMA is rejected, and therefore only PS beads are visible in Fig.
5.2b. On the other hand, when applying the 810 nm filter, the PMMA bead in the center becomes
bright, while the PS beads are dimmed but still visible due to the residual PS signal in this spectral
region. In Fig. 5.2d we plot the CARS spectra acquired when focusing on either a PS or a PMMA
bead using the home-built CARS microscope described in the previous chapter. Notice that there

are also contributions from the LDPE substrate in these spectra [158], but such background signal
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Figure 5.2: CARS images of PS and PMMA mixture captured by the CCD camera. (a) Bright-field
image of the bead mixture, with red circle indicating CARS imaging area. (b) CARS image of the
mixture using the 800 nm bandpass filter, corresponding to the 3050 cm™! band of PS. (c) CARS
image of the mixture using the 810 nm bandpass filter, corresponding to the 2950 cm™! band of
PMMA. (d) CARS spectra of a PS bead (black straight line) and PMMA bead (red dashed line).
The bandpass region of the 800 nm and 810 nm filters are marked in blue and green, respectively.
The scale bars in the figures correspond to 5 pm.
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1s not significant in the CARS image as the surroundings appeared to be dark, and the bead signals
were dominant, with an SNR exceeding 100. However, we note that images of the beads in the
wide-field CARS image in Fig. 5.2b and 5.2c appeared to be much smaller as compared to their
bright-field image (Fig. 5.2a). This can be attributed to the index mismatch between the bead and
the surrounding medium (air), and the beads acting effectively as micro-lenses and focusing the
incident light, causing a bright center spot with a dark periphery. Here images were acquired using
the CCD camera, and the integration time was set to 100 ms. The power of the pump and Stokes
beam on the sample were measured to be 30 mW and 15 mW, respectively.

We also demonstrate CARS imaging in the fingerprint region using nanodiamond flakes as
sample. Figure 5.3a shows the bright-field image of the clustered diamond flakes. We used the
tunable bandpass filter to select the imaging wavelength. The off-resonance and on-resonance
CARS images of the flakes are shown in Figs. 5.3b and 5.3c, respectively. In Fig. 5.3d we also
plot the CARS spectrum acquired by the home-built CARS microscope, when focused on a single
spot within the diamond cluster. By tuning to the diamond resonant peak around 1320 cm™1,
we can see bright spots showing up on the flake in Fig. 5.3c, while in the off-resonant case, no
detailed feature is visible. The constant background signal seen in Fig. 5.3b and 5.3c was visible
when tuning the bandpass filter throughout the fingerprint region; and it could be attributed to the
non-resonant signal originating from the interface of diamond and the polymer substrate. Again
images were acquired by the CCD camera with the same integration time and power.

Benefited from the high signal-to-noise ratio in the bead sample images, we can perform video-
rate imaging using an SCMOS camera. Figures 5.4a and 5.4b show the images obtained from the
PS and PMMA mixture using the sSCMOS camera, with the 800 nm and 810 nm bandpass filter
applied, respectively. Again we can see that PMMA beads did not show up in Fig.5.4a due to the
selected imaging band. The integration time used here was 38 ms, with the power on the pump and
Stokes increased to 50 mW and 40 mW, respectively. Under such settings, we can achieve a frame
rate of 25 fps, with an SNR larger than 20.

As a demonstration towards practical application, we performed microscopy on L-cystine mi-
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Figure 5.3: CARS images of the diamond flake captured by the CCD camera. (a) Bright-field
image of the flake, with red circle indicating CARS imaging area. (b) CARS image of the flake
when tuned off-resonant around 1400 cm~—!. (c) CARS image of the flake when tuned on-resonant
at 1320 cm™!. (d) CARS spectra when focused on diamond, and the bandpass region of off-
resonance and on-resonance state are marked in blue and green, respectively. The scale bars in the
figures represent 5 pm.
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Figure 5.4: Video-rate CARS imaging of the PS and PMMA bead mixture. (a) CARS image using
the 800 nm bandpass filter. (b) CARS image using the 810 nm bandpass filter. The scale bar in the
figures represent 5 pm.

crocrystalline. L-cystine is an oxidized dimeric form of cysteine, and is highly concentrated in
the immune system, skeletal and connective tissues, skin, digestive enzymes, and in hair [159].
Figure 5.5a shows the bright-field image of the microcrystalline, and Fig. 5.5b is the CARS im-
age obtained by applying the 810 nm bandpass filter, corresponding to its C-H stretching signal
shown in Fig. 4.15b [160]. Note that due to the non-phase-matched nature of the imaging scheme
[156], signal occurred mostly in regions where internal refraction and scattering was significant.
Therefore only certain spots appeared to be bright. The CARS nature of the signal was verified by
switching to the 800 nm filter and noticed that the image turned completely dark. The pump and
Stokes power used here were 35 mW and 30 mW, respectively, with an image integration time of

200 ms.
5.3 Discussions

The estimated average laser fluence in the current setup is 10 mJ/cm?, which is lower compared

to the system using an amplified ultrafast laser [154], but higher than that using oscillator-only
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Figure 5.5: CARS imaging of L-cystine microcrystalline. (a) Bright-field image of the microcrys-
talline, and (b) the corresponding CARS image in the 2950 cm™! region (810 nm bandpass filter).
The scale bars in the figures represent 5 pm.

pulses [156]. This is reasonable due to the relatively low intensity contained in each spectral com-
ponent in the SC pulse, which in turn calls for higher pulse energy to reach significant level of
CARS signal. Yet the advantage of the SC excitation as compared to previous wide-field CARS
microscopy schemes is that multiple bands can be stimulated simultaneously such that more in-
formation from the target could be obtained in a single collection. Such an idea of broadband
wide-field excitation has been demonstrated earlier using amplified femtosecond pulses for rela-
tively large scale gas imaging [161]. But our setup is more suitable for microscopy due to the
longer wavelength, less pulse energy, and longer pulse duration used, which induce less sample
damage [162]. Still, additional studies are needed to determine and to achieve optimized parame-
ters and pulse settings that provide optimal balance between the signal level and sample damage,
based on different target samples.

In terms of spectral performance, we note that the resolution of the system can be further

enhanced simply by choosing filters with narrower pass band, but this has to be compensated

92



by the increase in integration time so as to achieve desired SNR. Also, with more Raman bands
involved in imaging, significant complication to the detection system is expected. Therefore when
it comes to hyperspectral imaging where many Raman bands need to be addressed simultaneously,
the current scheme will be less favorable compared to laser-scanning-based CARS [37, 63]. The
fundamental limit is due to the low spectral intensity in the excitation, and can be resolved with an
improved SC source. On the other hand, if the sample components are known and only a few well-
separated Raman bands are of interest, our setup can be a solution regarding high-speed imaging
applications.

The observed bead image distortion due to refractive index mismatch has also been seen in
previous wide-field CARS using non-phase-matched illumination [156, 155]. On the other hand,
phase-matched wide-field CARS displayed no significant distortion on the oil droplet image, pos-
sibly due to less distortion caused by a planar object and their better sectioning capability [153].
Refractive index mismatch distortion has been reported in laser-scanning CARS imaging as well
[163, 164], but showed less impact in terms of planar imaging of bead samples as compared to
our wide-field CARS scheme. We expect our system to perform better on planar structures where
refractive index mismatch distortion is less severe, but image correction of more complicated struc-
tures requires further research.

Other limitations of our current setup include non-uniformity in the excitation field— the Gaus-
sian beam profile causes the center of the image to be brighter while the edge completely dark.
Although numerical correction is possible by normalizing the signal to the excitation intensity pro-
file, this will also enhance the noise level on the edge. A preferable way to flatten the field is to
enhance the illumination area, which will in turn call for more power of the excitation beams, par-
ticularly the supercontinuum beam. Current setup allows a useful power of 140 mW in the Stokes
beam, but higher useful power can be obtained by adjusting the length of the fiber or by using a
polarization-maintaining PCF [104]. Another issue is the instability in signal, which largely arises
from the nonlinear nature of the CARS process and the SC generation, and further deteriorated by

other fluctuations such as the laser-pointing instability and air turbulence. It is of interest in the

93



future to develop a wide-field scheme that does not require nonlinear broadening [165] or is based
on an all-fiber setup [129], so as to reduce such fluctuations.

We also note that the substrates were chosen to be thin films here, to minimize the background
FWM signal. When depositing samples onto coverslip up to hundreds of micron thick, we noticed
a strong nonresonant background appearing around the microspheres despite the phase-mismatch.
This background could be generated in the vicinity of the sample-substrate interface, and due to the
depth of focus of the objective, ended up in the imaging camera. A more elegant solution to this
problem could be using the tunable filter and performing a frequency-modulation measurement,
such that when taking the difference between two images with close-wavelength separation, the
nonresonant background is eliminated and the resonant signal is enhanced [91].

Lastly, given that a majority of the spectral components are not used when imaging with a
specific Raman band, it can be advantageous to put a tunable filter in the Stokes path of our setup.
This will allow programmable excitation that can be rapidly switched (such as an acousto-optic
tunable one [166, 167]), which is beneficial for high speed biological imaging and cytometry. Also,
with the advancement in SC generation, a more powerful SC pulse with high spectral coherence
could be implemented to achieve better background suppression through temporal control [40] and
better sensitivity through coherent intra-pulse excitation [37].

In conclusion, we have demonstrated a multiplex wide-field CARS imaging setup. By using the
high energy picosecond supercontinuum pulse for excitation, different Raman band imaging was
achieved by applying corresponding filters. We were able to perform video-rate CARS imaging of
standard sample. Such a scheme can be applied in cytometry, gas sensing, and other biomedical
disciplines where high-frame-rate imaging of various species is required. It is also promising to

combine with compressed sensing to achieve high-speed hyperspectral imaging.
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6. SUMMARY AND FUTURE OUTLOOK

In the aim of developing high-speed and highly sensitive CARS microspectroscopy system for
practical applications, we have reviewed major CARS development in this thesis, and have reported
several experiments conducted using our home-built CARS systems. Our initial trial was based on
the single-beam CARS scheme, which is considered to be relatively easy to implemente. By using
only an ultrafast oscillator source and basic optical components, we were able to construct a pulse-
shaper-based single-beam CARS system using spectral hole for signal retrieval. Such a system
demonstrated improved epi-detection efficiency as compared to earlier experiments, and showed
promising applicability in Raman band detection in the low-wavenumber region, thanks to the
spatial filtering mechanism implemented in the pulse shaper.

In a later design, we further simplified the pulse shaper by adopting a folded-geometry, and
incorporated FAST technique to allow probe pulse shaping and temporal delay. The resulting
system showed high versatility in selecting beam layout and detection scheme. We demonstrated
significant nonresonant background suppression, and showed highly sensitive detection using the
collinear pump/probe beam geometry. Still, such detection requires a separate background collec-
tion stage, which slows down the overall processing speed. We resolved this issue through hetero-
dyne detection, i.e., by precisely controlling the delay modulation of the probe pulse such that the
difference between two anti-Stokes spectra with desired phase difference could be obtained. We
provided the theoretical treatment of retrieving Raman mode information through such detection.
We have also incorporated spectral detection in the pulse shaper design such that no external spec-
trometer is required, and the whole system can be made into a compact module. We demonstrated
CARS microscopy using this setup, and discussed its limitations and possible improvements to
enhance the detection speed.

However, with single-beam scheme based on a single laser oscillator, we are limited in the
detection bandwidth. Despite earlier demonstration using ultra broadband Ti:Sapphire oscillator

to achieve CARS detection of large Raman shifts [168], more common means to perform broad-
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band CARS detection is to use wavelength extension unit. Therefore we exploited SC generation
in LMA PCFs. We observed SC generation beyond 1600 nm, corresponding to a Raman shift of
more than 3000 cm~! from the pump wavelength (1064 nm). We have further constructed a CARS
microspectroscopy system to verify its applicability, and demonstrated microscopy on several sam-
ples.

Taking advantage of the high pulse energy from the SC source, we have applied this system
to wide-field CARS imaging. Previous demonstrations of wide-field CARS have been limited in
the two-color excitation scheme such that a single Raman mode is probed at a time. By using the
SC source as the Stokes beam, we can, in principle, excite and probe multiple Raman modes in a
single acquisition. We have demonstrated selective imaging using polymer beads, and have shown
video-rate imaging capability in the C-H stretching region. Wide-field CARS system that can take
full advantage of the multiplex excitation will require more research, especially on the method for
hyperspectral detection and image correction.

It would be of great interest to combine the broad spectral coverage of the SC generation
with the single-beam CARS technique to achieve a simple yet useful CARS system. As we have
pointed out earlier, another common disadvantage in the single-beam CARS scheme implement-
ing narrowband probe within the broadband pulse is that the probe power is typically much weaker
as compared to those in multiplex CARS schemes, indicating a low efficiency in CARS signal
generation. Spectral focusing [89] can be an effective way to obtain optimal power ratio between
the probe and pump beams. Another way is to directly shape a broadband pulse that contains a
particular strong spectral components and can be used as the narrowband probe. Recently we have
examined the self-phase modulation (SPM) of amplified femtosecond pulse through a relatively
long piece of LMA PCF and found significant broadening due to SPM. This has been used pre-
viously in pulse compression [151], but with relatively short fiber length. By using LMA fibers
up to 1 m, we noticed broadening up to 300 nm, as shown in Fig. 6.1. Here the input pulse was
from amplified Ti:Sapphire system (Astrella, Coherent) with close to 90 fs duration measured from

autocorrelation trace, and pulse energy around 100 nJ.
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Figure 6.1: Spectral broadening of Ti:Sapphire laser pulse in LMA PCF due to self-phase mod-
ulation (SPM). The spectrum of the original pulse, broadened pulse after 0.3 m LMA-20 fiber,
and that after 1-m-long LMA-20 fiber are shown in black dotted, red dashed, and blue solid lines,
respectively.

Given that an effecient pulse compression method can be implemented through a prism com-
pressor, we can directly inject this pulse into a pulse shaper, and pick a narrowband in the high
power region (~800 nm) as a probe pulse, and carry out the single-beam CARS experiment. High
pulse energy can be sustained by using the LMA fibers, and compressible supercontinuum can
provide sub-10 fs pulse, which in turn offers highly efficient intrapulse excitation— these are ben-
eficial factors in enhancing CARS signals [45, 54]. It is also possible to use part of the generated
SC as LO and perform heterodyne CARS [71]. On the other hand, along the line of SC generated
from SPM, we can incorporate cascaded pumping by adopting a dispersion compensation stage
between two LMA fibers to further increase the bandwidth of the generated SC [169].

Another possible direction of enhancing the CARS sensitivity is to embed the target molecule
into hollow-core (HC) fibers. This has been demonstrated in both spontaneous Raman spec-
troscopy [170] and CARS [171] earlier, and the primary enhancement comes from the elongated
interaction length. However, for nonlinear processes like CARS using ultrashort pulses, there will
be temporal walk-off due to dispersion in the medium [46]. Therefore the dispersion in the fiber
needs to be tailored to satisfy the phase-matching condition in order to enjoy such enhancement

[171, 172]. Thanks to the fast development in HC PCF, there are now fibers with ultra broadband
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transmission. Figure 6.2 shows such a commercial fiber with core size close to 40 pm (PMC-C-
650_2000-7C, GLOphotonics), and a comparison of CARS spectra obtained by focusing in the

free-space, and by passing through a 100mm-long fiber are shown in Fig. 6.2c.

Raman shift (cm”)
2352 2339 2325

-2311

46500

=== Free space
——HC PCF

45000 4

ps/nm.km)

30000

Loss (dB/km)

15000

Intensity (a.u.)

& & & &
Estimated dispersion (

0y )
700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 0
Wavelength (nm) 851 852 853 854

Wavelength (nm)

(a) (b) (c)

Figure 6.2: (a) Cross section of the commercial hollow-core (HC) PCF. (b) Transmission and
dispersion curve of the fiber. (c) CARS peak of nitrogen obtained in free space (black dashed) and
through 100mm-long HC PCF (red solid).

The pump and Stokes power used in free space detection are 143 mW and 130 mW, respec-
tively, while that for HC PCF are 25 mW and 20 mW, respectively. Therefore, the HC PCF offered
a signal enhancement of 100-times as compared to that in free space. Note that the nitrogen peak
level in free-space decreased as compared to that shown in Fig. 4.11 due to the difference in CCD
read-out speed setting. Such enhancement in HC PCF be further improved by adopting longer
fiber, and by controlling the phase-matching condition inside the fiber through pressure control of
buffer gas.

Since the start of the century, the field of CARS spectroscopy and microscopy has seen un-
precedented growth— in both the available schemes and technologies, as well as in the diverse
fields of applications. Previously known as only a laboratory tool for chemical analysis, nowadays
CARS has evolved into a more accessible technology with less expensive instrument and refined

method available to a wider range of users. We expect that it will appear in clinical applications and
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even in consumer-grade products in the coming decades, and also continue to improve and rival

that of fluorescence and other nonlinear microspectroscopy in chemical and biological imaging.
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