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ABSTRACT

Developing advanced nonlinear optical microscopy and spectroscopy is
the major theme of this thesis. Nonlinear microscopy and spectroscopy have
found applications in many fields, such as biology, biomedicine and chemistry.
This dissertation mainly focuses on two-photon excitation fluorescence
microscopy and coherent anti-Stokes Raman scattering microscopy and
spectroscopy.
In chapter two, development of a chromatic axial scanning method for
two-photon excitation fluorescence imaging is described. Effective axial scanning is
achieved by incorporating a Fresnel lens in the system, which has large chromatic
aberration and can therefore focus the excitation beam to different axial positions
depending on its wavelength. We experimentally demonstrated this technique and
used it to image the cross-section of fluorescent microspheres.
In chapter three, time-resolved CARS impulsively excited by a
supercontinuum laser beam is investigated. We show that it is critical to optimize
the temporal overlapping of the constituent solitons of a supercontinuum in order to
impulsively excite vibrational modes over a broader frequency range. It is also
shown that the optical response function of molecules under supercontinuum
impulsive excitation can be retrieved by utilizing the cross-correlation frequency
resolved optical gating technique, and background-free CARS with spectral
resolution significantly better than the bandwidth of the probe pulses can be
achieved.
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In chapter four, the optical Kerr gating effect was experimentally
investigated by co-propagating a pump beam and a weak signal beam in a nonlinear
photonic crystal fiber. It is shown that optical Kerr gating can be observed by using
femtosecond pump pulses with only a few milliwatts of average power.
In chapter five, a novel approach for inline holographic coherent antiStokes Raman scattering (CARS) microscopy is demonstrated, in which a layer of
uniform nonlinear medium is placed in front of a specimen to be imaged. The
reference wave created by four-wave mixing in the nonlinear medium can interfere
with the CARS signal generated in the specimen to result in an inline hologram. We
experimentally and theoretically investigate the inline CARS holography and show
that it has chemical selectivity and can allow for three-dimensional imaging.
In chapter six, the spectral holographic technique is applied to obtain the
complex transmission and reflection coefficient of a free-standing metamaterial that
has a zero index of refraction for wavelengths around 1550 nm by utilizing
supercontinuum source. An excellent agreement between the experimental and
modeled parameters is achieved which indicates this technique can be a powerful
tool for charactering metametirials.
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CHAPTER 1.
INTRODUCTION

In the past decades, nonlinear imaging and spectroscopy have emerged as
important techniques with applications in the fields of biology, medicine, chemistry,
and physics. Nonlinear interactions between laser fields and materials provide
powerful imaging and spectroscopic tools for understanding microscopic
interactions in materials and dynamic processes in biological samples [1, 2].
Nonlinear optical interaction is a process in which material system
responses nonlinearly to an applied optical field E. Depending on the relationship
between the polarization density and the electrical field, there are second-order
nonlinear phenomena, such as second harmonic generation, sum frequency
generation, and difference frequency generation; third-order nonlinear phenomena,
such as third harmonic generation, self focusing, optical phase conjugation and
coherent anti-Stokes Raman scattering; and there also exists other higher order
nonlinear processes. All materials possess third-order nonlinear susceptibility
together with higher-order susceptibilities: five, seven, nine, … Even-order
nonlinear susceptibility only exists in crystals that do not possess inversion
symmetry under the electric dipole approximation [3].
In the 1970s, Sheppard, Kompfner, Gannaway, Choudhury, and Wilson first
suggested and demonstrated a high-resolution, three-dimensionally resolved
scanning laser microscope by utilizing nonlinear interactions [4, 5]. The principle of
nonlinear scanning microscopy is explained in the „Theory and Practice of Scanning
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Optical Microscopy‟ in 1984 [6]. The basic idea behind nonlinear microscopy is to
focus an excitation beam to a small volume to generate a nonlinear signal and then a
three-dimensional image is formed by either scanning the specimen or the excitation
beam. Although nonlinear microscopy was first demonstrated by using harmonic
generation, it is also suggested that other nonlinear phenomena can also be utilized
to obtain microscopy images.
Two-photon fluorescence microscopy is now a widely used nonlinear
technique for biological and medical applications. The phenomenon of two-photon
excitation was first predicted by Maria Goeppert-Mayer in 1931, in her doctoral
dissertation on the theory of two-photon absorption and emission in atoms [7]. In
1961, Kaiser and Garrett first observed the two-photon excitation phenomenon in
CaF2:Eu2+ crystal [8]. Due to the lack of tunable laser sources with high peak power
at that time, the field of nonlinear microscopy was slowly advanced over a twenty
year period. It wasn‟t until the invention of the femto-second laser in the 1980s, that
the field of nonlinear microscopy began to thrive. By 1990, Webb‟s group at
Cornell University had demonstrated the capability of two-photon excitation
microscopy for biology [9]. After Webb‟s work, the potential capability of this
nonlinear microscopy technique has attracted considerable attention from researcher
in both optical and biomedical fields.
Employing excitation beam with longer wavelength, two-photon excitation
fluorescence experiences lower scattering in the medium which gives it deeper
penetration

length

compared

to

the

one-photon

fluorescence

technique.

Furthermore, the damage threshold is increased because of utilizing an excitation
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beam with a longer wavelength. Also, as two-photon fluorescence is a nonlinear
process, it only happens at the focus region and therefore gives this technique
intrinsic optical sectioning ability. However, it also carries a major disadvantage: it
requires point-by-point scanning to obtain a 3-D image. Many works have been
done to improve the imaging speed of the two-photon excitation microscopy.
However, most of these techniques are focused on lateral scanning. Currently, axial
scanning is primarily realized by mechanically scanning the sample or objective
lens, which is normally quite slow.
In chapter two, we propose an effective axial scanning method by
incorporating a Fresnel lens into the system. Fresnel lens has large chromatic
aberration and can therefore focus the excitation beam to different axial positions
depending on its wavelength. We experimentally demonstrated this technique and
used it to image the XZ cross-section (Z: depth direction) of fluorescent
microspheres. Also, it is proposed that the axial scanning speed can be dramatically
improved by applying high speed wavelength tuning filters or a fast tunable pulsed
laser.
While fluorescence microscopy has been a widely used technique for
imaging, some applications require different contrast mechanism to achieve
chemical selectivity as not all types of specimens can be easily labeled.
Furthermore, the use of fluorophores may contaminate the specimen and may suffer
from photo-bleaching. Raman scattering, on the other hand, provides the capability
for obtaining information about molecular vibrations that are specific to different
molecules. Raman scattering is an inelastic scattering of the incident photon, where
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a red-shifted Stokes photon and a blue-shifted anti-Stokes photon are generated
[10]. The Raman effect was first observed by C. V. Raman, and K. S. Krishnan in
1928 [11]. Because Raman scattering serves as finger prints for molecules, this
technique is now widely used in molecular analysis and visualization of unstained
samples with vibrational contrasts. However, spontaneous Raman signal is
extremely weak due to its small scattering cross section typically around 10-29 cm-2
sr-1 per molecular [12] and requires intense laser excitation to obtain detectable
signal.
In 1965, Maker and Terhune successfully obtained strong Raman signals by
utilizing two coherent laser beams at frequency and to coherently excite a
Raman vibrational mode at frequency =Laterthis technique was
termed coherent anti-Stokes Raman scattering (CARS) spectroscopy [14]. Detecting
resonantly enhanced signal that is constructively built as it propagates through a
sample, CARS spectroscopy can be about five orders of magnitude stronger than
spontaneous Raman spectroscopy [14]. Broad band laser sources have been applied
to realize multiplex CARS spectroscopy which has opened the possibility of
obtaining simultaneous analysis of multiple chemical species [15]. Supercontinuum
(SC) generated by pulsed lasers in nonlinear photonic crystal fibers [16] has been
demonstrated as an ideal broadband source as it covers wavelength ranging from
ultra-violet to infrared. Because of its large bandwidth it is utilized to realize
multiplex CARS covering a broad wave number range (e.g., up to about 3000 cm-1)
[17-21]. Previous work of SC excited CARS has mainly focused on experimental
studies, while the mechanism of SC impulsive excitation is still unclear. Therefore,
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it is important to gain insight into the effect of the complex supercontinuum pulse
profile on CARS excitation for optimization of the process.
In chapter three, we theoretically investigate CARS impulsively excited by
SC. We show that it is critical to optimize the temporal overlapping of the
constituent solitons of a SC pulse in order to impulsively excite vibrational modes
over a broader frequency range. It is also shown that the optical response function
of molecules under SC impulsive excitation can be retrieved by utilizing the crosscorrelation frequency resolved optical gating technique, and background-free CARS
with spectral resolution significantly better than the bandwidth of the probe pulses
can be achieved.
The sensitivity of CARS impulsively excited by SC is limited by the
existence of the background that contains two parts. The first part is non-resonant
background that is essentially a four-wave mixing (FWM) signal generated by SC
and probe. It can be suppressed by time-resolved method which is based on the fact
that non-resonant background decays much faster than the resonant signal [22]. The
second part of background is FWM signal generated purely by SC that can be
eliminated by utilizing a polarization discriminated method [21, 23].
In chapter four, we experimentally investigated ultrafast optical Kerr gating
effect by co-propagating a pump beam and a weak signal beam in a nonlinear
photonic crystal fiber. It is shown that optical Kerr gating can be observed by using
femtosecond pump pulses with only a few milliwatts of average power. The Kerr
gate demonstrated here could be potentially applied to remove the aforementioned
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four-wave mixing background produced by SC in SC multiplex CARS
measurements.
Coherent anti-Stokes Raman scattering is not only applied to spectroscopy.
Based on the spectroscopic contrast of signal, it can also serve as a microscopy
technique. The first CARS microscopy demonstration was reported in 1982 by
Duncan [24]. In 1999, CARS microscopy was proved to be a very successful
method for imaging cells and tissues by a collinear configuration for pump and

Stokes beam [25]. This technique employed a tightly focused scheme and
obtained high spatial resolution and also optically sectioning capability. Since
then, CARS microscopy has attracted lots of research interests because of its unique
capability in providing chemical specific imaging. Despite the many advantages of
CARS microscopy, there still exists a significant limitation: scanning is required to
realize three-dimensional CARS image which dramatically limits the imaging
speed.
In chapter five, we propose and develop a new way for nonscanning CARS
imaging by using CARS holography. We demonstrate a simple approach for inline
holographic CARS microscopy, in which a layer of uniform nonlinear medium is
placed in front of a specimen to be imaged. The reference wave created by fourwave mixing in the nonlinear medium can interfere with the CARS signal generated
in the specimen to result in an inline hologram. We experimentally and theoretically
investigate the inline CARS holography and show that it has chemical selectivity
and can allow for three-dimensional imaging within single pulse duration.
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Holographic techniques have not only been proved powerful in the spatial
domain for storage and reconstruction of three-dimensional images. The powerful
methods of holographic signal processing can also be applied to spectral domain.
Spectral holography has been utilized to obtain ultrafast optical waveforms [26],
measure white light dispersion[27].
In chapter six, we utilized the spectral holographic technique to obtain the
complex transmission and reflection coefficients of a free-standing optical zeroindex metamaterial by utilize SC source. An excellent agreement between the
experimental and modeled parameters was achieved which indicates this technique
is a powerful tool for characterizing metamaterials.
In chapter seven, a summary will be provided and recommendations for
future work are presented.

CHAPTER 2.
CHROMATIC TWO-PHOTON EXCITATION
FLUORESCENCE IMAGING

2.1 Introduction
Fluorescence microscopy has become an important and widely used tool for
biological and biomedical research [1, 28]. Typically, the specimen is first stained
by certain fluorophore which can absorb excitation beam within a specific spectrum
and emit photons at longer wavelength. Normally, the emission spectrum can cover
tens nanometer. As the wavelength of the emitted photon (i.e. fluorescence signal)
is different from that of the excitation beam, the weak signal can be separated from
the incident beam and finally detected by a charge coupled device (CCD) or
photomultiplier (PMT) detector. More and more fluorophores with different
excitation and emission characteristics are available now, which enables
simultaneous detection of various molecules [29, 30].

2.1.1 Introduction to two-photon excitation fluorescence
Two-photon excitation fluorescence is a nonlinear process in which two
photons with lower energy are absorbed in one quantum event and generate a
fluorescence photon with higher energy [31]. As the probability of the near-
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simultaneous absorption of two photons is extremely low, a short pulsed laser is
normally required (i.e. femto-second laser). The energy diagram is shown in Figure
2.1 which includes ground state, the first electronic excited state and some of the
corresponding vibrational levels [32]. As shown in the figure, excitation photons
induce the electronic transition from the ground state to vibrational levels of the first
excited state via virtual state. Through vibrational process, the fluorophore relaxes
to the lowest level of the first excited electronic state. Fluorescence photon is
emitted when electron transits back to vibrational levels of ground state. Because of
the various vibrational levels, fluorescence process has certain excitation and
emission bandwidth which can cover more than 100 nm for two-photon
fluorescence.

S1

Two Photon
Absorption

Fluorescence

S0
Figure 2.1 Schematic representation of two photon excitation fluorescence

Usually a femtosecond laser is required for providing a high flux of
excitation photons to realize two-photon absorption within one quantum event. This
is due to the short lifetime of the virtual state (normally a few femtoseconds).
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Furthermore, two-photon fluorescence signal is proportional to the square of the
intensity of the excitation beam. As a result, only specimen in the tightly focused
region can be effectively excited and generate fluorescence signal. This technique
can therefore effectively eliminate out-of-focus contributions and result in intrinsic
optical sectioning ability.
The usage of a longer wavelength excitation beam enables this technique to
have a deeper penetration length compared to one photon excitation. It is reported
that the two-photon fluorescence technique can image scattering medium with
millimeter scale thickness. This is very useful for many applications, such as thick
tissue microscopy. Furthermore, lower excitation photon energy increases the
damage threshold which is also very important for imaging biological samples.

2.1.2 Major challenge in two-photon fluorescence microscopy
As mentioned above, fluorescence signal is only generated at the small
focus region. Two-photon fluorescence microscopy requires scanning to achieve
three-dimensional imaging, which dramatically limits the imaging speed of this
technique. Developing scanning techniques to improve the data acquisition speed of
two-photon excitation fluorescence scanning microscopy has always been of
interest since it was demonstrated in 1990 [33]. While most of the current schemes
are focused on high-speed lateral scanning techniques such as line scanning [34,
35], multipoint multi-photon imaging [36-38], and polygonal mirror scanning [39],
mechanical translation of the sample or the objective lens is usually used for axial
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scanning which may pose a limitation in speed for visualizing fast events in three
dimensions. Recently, simultaneous spatial and temporal focusing [40-42] has been
used to effectively achieve axial scanning by controlling the chirp of femtosecond
laser pulses. Here we extend the chromatic axial scanning method which was
previously applied to chromatic confocal microcopy [43-49] to two-photon
fluorescence imaging. By using a Fresnel lens which has a large axial chromatic
aberration, incident pulses at different wavelengths can be focused to different axial
positions to excite two-photon fluorescence. Axial scanning can therefore be
effectively realized by tuning the wavelength of the excitation beam.

2.2 Experimental setup

The schematic diagram of the experimental setup is illustrated in Figure 2.2.
The incoming beam from a femtosecond laser system (KMlabs, average power ~
600 mW, pulse width ~ 64 fs, center wavelength: 808 nm) is first sent into a homemade tunable filter which includes a grating, a lens (L1, focal length 300 mm), a slit
and a reflecting mirror. The beam is first diffracted by the grating so that different
wavelength components propagate at diverse directions. The lens is used to
collimate the dispersed beam. A portion of the incoming spectrum is selected by the
slit and reflected by the mirror that is located at the focal plane of L1. Here the slit is
put as close to the mirror as possible to limit cross talk. Then, the beam is recollimated by the same grating. The center wavelength of the resulted excitation
beam can be tuned by translating the slit. The width of the slit is adjusted to achieve
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a filter bandwidth of about 1.5 nm. The beam is then expanded by an imaging
system comprised of a pair of lenses (focal lengths: 25.4 mm and 100 mm
respectively) and focused by a Fresnel lens (design wavelength 0: 821 nm, design
focal length f0: 100 mm). The excitation beam is re-collimated by lens L2 (focal
length: F2 = 38.1 mm), reflected by a dichroic mirror, and focused by an objective
lens (OL 100x, NA 1.40) onto a sample. The emitted fluorescence signal is
collected by the same objective, passes through the dichroic mirror, and filters and
detected by a CCD camera (Apogee AP32ME).
fs laser

Beam
expander

CCD

Tunable
filter

dichroic
mirror

s
lit

L2
Fresnel lens

100X OL

mirror
L1
Figure 2.2 Experimental setup of the chromatic two-photon fluorescence imaging
system. L1, L2: lenses. OL: objective lens.

2.3 Theoretical background

The focal length (f) of the Fresnel lens depends on the wavelength () of the
excitation beam and is given by the relationship: f = 0f0 [50]. As a result, the
excitation beam can be focused to different axial positions depending on its
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wavelength. The effective chromatic scanning range of the Fresnel lens is given by

f  f0  / 0 . On the other hand, the bandwidth of the excitation beam ( ~
1.5 nm) is selected narrow enough such that the resulted chromatic aberration (~

f 0 / 0 ) is less than the depth of the field (~ f 2 /a2 , a: radius of the beam
incident on the Fresnel lens) and therefore does not significantly degrade the axial



resolution of the system. To achieve the
desired lateral and axial resolutions, focal
length of L2 is chosen as 38.1 mm.
Since excitation pulses at different center wavelengths are focused to
different depths in the sample, axial scanning is effectively achieved by tuning the
center wavelength of the excitation laser beam. By sequentially applying the thin
lens equation to L2 and the objective lens OL, it can be shown that the effective
chromatic scanning range on the sample is given by

z 
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0

1  f OL 


f0
noil  f 2 

2


 NA2 
 NA 
 
f 0 noil 
f 0 noil  FL 
0
 NAOL 
 NAOL 
2

2

(2.1)

where f2 and fOL are the focal lengths of the collimating lens L2 and the objective
lens OL respectively, and noil is the refractive index of the immersion oil. In
obtaining Eq. (2.1), we assume that the refractive index of the sample is the same as
the immersion oil for simplicity and that the distance L between L2 and OL is small
(L<<f22/|f|, or the beam between the two lenses can be assumed approximately
collimated). NA2 = NAFL (= a/f) and NAOL are the effective numerical apertures of
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L2, the Fresnel lens, and OL respectively. To obtain high lateral and axial
resolutions the full numerical aperture of the objective lens should be utilized.
Therefore, the achievable effective axial scanning range depends on both the
wavelength tuning range of the excitation pulse and the numerical aperture of the
Fresnel lens. We can define a normalized chromatic scanning range [51] as

M 

f

0

2
NAFL



z

noil0



2
NAOL





2
0

2
f 0 NAFL

f is the effective chromatic scanning range and

0

2
NAFL

(2.2)

describes the depth of

field at wavelength M describes the number of resolvable axial points of the
chromatic scanning. As an example, for the values of  = 100 nm,  = 800 nm, f0
= 100 mm, and NAFL = 0.1, M > 100 can be achieved.

2.4 Experimental results and discussion

In this section, experimental results will be presented and discussed.
Specifically, signal is proved from two-photon process; mapping relationship
between wavelength and sample depth is calibrated; system depth response function
is measured and XZ-cross-section image is demonstrated.

2.4.1 Power dependence
The power dependence of the fluorescence emitted by a fluorescent
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microsphere on the average excitation power is measured to verify that the bandpass filtered excitation beam can excite two-photon fluorescence. The sample was
prepared by drying a thin layer of fluorescent sphere (Duke Scientific, diameter 2.1
m) solution on a microscope cover glass at room temperature. After air-drying, the
microspheres were immobilized on the glass. To minimize the strong reflection
from the air-glass interface, the microspheres were then placed in immersion oil.
Fluorescence signal was observed when the excitation beam was focused on a single
microsphere. We measured the fluorescent signal as a function of the average power
of the excitation beam. During the measurement, a square area of 20 by 20 pixels
(pixel size: 6.8 m) on the CCD camera was summed up and the background
measured without the excitation beam was subtracted. The dependence of the
fluorescence signal on the average excitation power in logarithmic scale is shown in
Figure 2.3 (blue star). The red line is a linearly fitted curve with a slope of 2. The
quadratic relationship between the signal and excitation power confirms that the
fluorescence is excited by two-photon absorption.
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power (ln(mW))
Figure 2.3 Dependence of fluorescence signal on excitation power in logarithmic
scale. The blue stars are experimental result and the red line is a linearly fitted curve
with a slope of 2.

2.4.2 Mapping relationship

As in chromatic method axial scanning was realized by wavelength tuning
(or correspondingly, slit position tuning), the mapping relationship between
wavelength and the axial position at which the excitation beam was focused is
needed. Here, we used a single 1-m-diameter fluorescent sphere as a probe to
calibrate the mapping relationship between the slit position and sample axial
position. The sample was prepared as described earlier. The sphere was located at
the center of the beam. At each slit position, i.e., a particular excitation wavelength,
the sphere was mechanically translated in the axial direction to measure the depth
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response of the system. The position of the sphere where maximum fluorescence
signal is observed indicates where the beam is focused while the width of the
response curve can be used as a measure of the optical sectioning capability of the
system. This process was repeated at a series of slit positions. During the
measurement, the slit was translated over a distance of 9 mm at steps of 0.3 mm
while the probing sphere scanned over a range of 16 m at steps of 0.4 m.
Figure 2.4 (a) is a pseudo-color image of the fluorescence signal measured
at different slit positions as the sphere was translated. Clearly, as the slit is
translated, i.e., the wavelength is tuned the excitation beam is focused at different
axial positions accordingly which effectively realizes axial scanning. At each slit
position, the position of the sphere corresponding to the maximum fluorescence
signal was found. The mapping relationship between the slit position and the
corresponding axial position where the excitation beam is focused is shown in
Figure 2.4 (b). The relationship can be fitted with a linear curve with a slope of 0.0011. An effective axial scanning range of about 6 m is obtained. In the above
analysis, the refractive index of the sample is assumed the same as that of the oil.
This analysis is valid for our case, as the refractive indexes are very close (nsphere =
1.59; noil = 1.54). However, for other cases when the refractive indexes of sample
and the medium are not matched, a modification of the mapping relationship will be
required [52].
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Figure 2.4 (a) Fluorescence signal measured at different slit positions as a 1-mdiameter fluorescent sphere was translated. (b) Mapping relationship between the
slit position and the axial position where the excitation beam is focused.

2.4.3 Depth response function

To gain knowledge about the system resolution, the depth response function
of the system is measured. We fixed the slit position at which it lets the central part
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of the femtosecond laser spectrum pass through, and translated the probing sphere at
a finer step of 0.1 m. Measured full widths at half maximum (FWHM) of the
curves fall in the range between 1.5 ~ 1.75 m. A typical depth response curve is
shown in Figure 2.5. Since the sphere itself has a 1- m nominal diameter, the
actual axial resolution of the system is likely better.
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Figure 2.5 A typical measured depth response curve

2.4.4 XZ-cross section image results

We used the chromatic two-photon imaging system to image the xz-crosssection of a 2.1 - m diameter fluorescent sphere. The scanning in the lateral
direction (x) was obtained by mechanically translating the sample with step of 0.22
m while the axial scanning is achieved by scanning the slit with a step of 0.2 mm
which corresponds to an effective 0.22 m in the axial direction according to the
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mapping relationship. Figure 2.6 (a) shows the xz-cross-section image of a single
2.1- m -diameter fluorescent sphere. The image is slightly elongated along the
axial (z) direction, likely due to a worse axial resolution. Similarly, Figure 2.6 (b)
shows the xz-cross-section image of multiple fluorescent spheres.
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Figure 2.6 (a) XZ-cross-section image of a fluorescent sphere. (b) XZ-cross-section
image of multiple fluorescent spheres.
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2.5 Achieving larger scanning range

The effective axial scanning range of the system can be increased by
replacing L2 with a lens having a shorter focal length. We used a 5x objective lens
which has a focal length of f= 25.4 mm. According to Eq. (2.2), the scanning range
is increased by a factor of (f2/f2)2.
Similarly, a single 1-m-diameter fluorescent sphere was used to calibrate
this system. The slit was translated over a 9 mm range with a step of 0.3 mm, and
the sphere was scanned over a distance of 20 m with a step of 0.2 m. The
measured result is shown in Figure 2.7 (a). A scanning range of about 14 m was
obtained. The measured relationship between the slit position (or correspondingly,
wavelength) and the corresponding axial position is shown in Figure 2.7 (b), which
can be fitted with a linear curve with a slope of -0.0025. It should be noted that due
to the use of the shorter focal length lens, the re-collimated beam has a reduced
diameter and cannot fully fill the aperture of the OL. As a result, the axial resolution
of the system is also degraded. In other words, the normalized scanning range
remains the same.
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Figure 2.7 (a) Fluorescence signal measured at different slit positions as a 1-mdiameter fluorescent sphere was translated. (b) Mapping relationship between the
slit position and the axial position where the excitation beam is focused.
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Figure 2.8 (a) XY-cross section image of a 2.1- m fluorescent sphere at center
position. (b) XY-cross section image of a 2.1- m fluorescent sphere at z=7 m. (c)
XY-cross section image of a 2.1- m fluorescent sphere at z=-7 m.

We used this imaging system to image the XY-cross-section of a 2.1 - m diameter fluorescent sphere. The sample preparation process is the same as
mentioned above. The slit is first moved to the position that center wavelength can
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pass through, and the sample is located at the focus plane of the excitation beam.
The obtained fluorescent image is shown in Figure 2.8 (a) which reveals a sphere
with about 2 - m - diameter. To demonstrate a larger scanning range, the slit is
then translated by 2.8 mm which corresponding to 7 m in axial position
corresponding to the mapping relationship. The sample is moved by 7 m in axial
position accordingly. Figure 2.8 (b) shows a sphere slightly larger than 2 m that
may caused by a low signal to noise ratio. Finally, the slit and sample are moved to
the opposite direction by the same distance and the obtained result is shown in
Figure 2.8 (c). By simply changing the geometry of our system, we obtain a larger
scanning range of about 14 m.

2.6 Conclusion

In summary, we have investigated the feasibility of effectively realizing
axial scanning in two-photon fluorescence imaging through chromatic aberration.
An approximately 6 m effective scanning range was obtained. The normalized
chromatic scanning range depends on both the wavelength tuning range and the
numerical aperture of the Fresnel lens. Larger scanning range can be achieved with
the trade-off of reduced axial resolution. Although in our proof-of-concept
experiment wavelength tuning is realized by mechanically moving a slit, we would
like to point out that by using a high-speed tunable filter (e.g., [53]) or a fast tunable
pulsed laser source (e.g., [54]), chromatic scanning has the potential to significantly
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improve the axial scanning speed of the two-photon fluorescence scanning
microscopy, which is useful for applications such as monitoring fast dynamical
processes in three dimensions.

CHAPTER 3.
TIME-RESOLVED COHERENT ANTI-STOKES
RAMAN SPECTROSCOPY IMPULSIVELY EXCITED
BY SUPERCONTINUUM

3.1 Introduction

Even though fluorescence has been widely used as contrast for imaging
biological and medical specimens, it requires labeling which may contaminate the
sample of interest. In this chapter, a new contrast mechanism called coherent antistokes Raman scattering (CARS) that does not require labeling is introduced.

3.1.1 Coherent anti-Stokes Raman Scattering (CARS)

Raman scattering has been used for sensing or as a contrast mechanism for
microscopy as it probes molecular intrinsic vibrational information. As shown in
Figure 3.1, when light is scattered by a molecular or atom, the scattered photons
include Rayleigh (p), Stokes (  s   p   ) and anti-Stokes ( as   p   )
contributions. However, spontaneous Raman suffers from weak signal due to its
small scattering cross section typically around 10-29 (cm-2 sr-1 per molecule) [12].
Stimulated Raman, a process that combines Raman scattering and stimulated
emission, has been proved to be able to improve signal level [55]. However, it has
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critical excitation power requirements in order to achieve a high gain for Raman
signal. Surface enhanced Raman scattering (SERS) [56] can also greatly increase
Raman signal, and it is reported that signal strength improvement can be as high as
8-10 orders of magnitudes [57]. However, the surface enhanced scheme requires a
metallic surface that limits the application of this technique.

p

p

p

S

p

as


Rayleigh

Stokes

anti-Stokes

Figure 3.1 Schematic energy diagram of Rayleigh and spontaneous Raman
scattering

Coherent anti-Stokes Raman scattering [3, 13] (CARS) is another approach
which has drawn lots of research interests as a promising technique for both
microscopy and spectroscopy. In CARS scheme, molecular is excited by two
coherent beams, i.e. pump beam with frequency at p and Stokes beam with
frequency at s. Figure 3.2 shows schematic diagram of the (virtual and real) energy
levels involved in CARS. When the frequency difference between the pump and
Stokes beams matches one particular molecular vibrational mode ( this
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vibrational mode can be resonantly excited due to the beating of the two incident
beams. The probe photon at angular frequency pr is then scattered by the excited
molecule and a blue-shifted anti-Stokes signal at as   pr   is generated. The
generated CARS signal can be given by:
( 3)
Eas (as )   as
E p ( p ) E pr ( pr ) Es* ( p   pr  as )

(3.1)

In which CARS susceptibility is given by [58]:

 as(3)   NR (3) 

A
 p  s    i

(3.2)

Where A is related to Raman scattering cross section and Γ is the full width half
maximum (FWHM) of Raman line at frequency .  NR represents the non-resonant
contribution which can lead to non-resonant four-wave mixing (FWM) signal. It
serves as major background for CARS measurement and greatly limits the
sensitivity of this technique. In order to improve signal-to-noise ratio of CARS
measurement, lots of work have been done to suppress non-resonant background.
To simplify the system, a degenerated scheme can be used where pump beam is also
utilized as probe beam. Being a coherently excited process, signal generated from
different molecules in the sample can constructively build up. Under phase
matching condition, the signal level of resonant enhanced CARS can be five orders
of magnitudes stronger than spontaneous Raman signal [14].
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Figure 3.2 Schematic diagram illustrating the principle of CARS

CARS was first observed in 1960s [13]. The first demonstration of CARS
microscopy is developed in 1982 [24] in which CARS microscope image is
obtained by using two dye lasers. In 1999, Xie‟s group advanced CARS microscopy
with three-dimensional sectioning ability using near-infrared laser pulses and a
collinear propagation scheme [25]. It demonstrated the capability of CARS
technique for biological and medical imaging.

3.1.2 Time-resolved coherent anti-Stokes Raman spectroscopy impulsively
excited by supercontinuum

There are two common approaches to implement CARS. One is by utilizing
tunable lasers and the other is based on the use of broadband sources, in particular,
supercontinuum (SC) generated by pulsed lasers in nonlinear photonic crystal fibers
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[16]. SC has a large bandwidth and can realize multiplex CARS covering a broad
wave number range (e.g., up to about 3000 cm-1) [17-21]. Furthermore, it has also
been shown that SC can impulsively excite molecular vibrations [17, 21]. Similar to
impulsively stimulated Raman [59], pairs of frequency components of an SC pulse
can excite multiple vibrational modes if their frequency differences match the
corresponding resonant molecular vibrational frequencies. A delayed probe pulse
then probes the vibrating molecules to produce a broadband multiplex CARS
spectrum. A major advantage of the SC impulsively excited CARS is that it
significantly simplifies the time-resolved CARS measurement, an important
technique for suppressing nonresonant four wave mixing background, due to the
requirement of just two beams. Existing work of SC-impulsively-excited CARS
have mainly focused on experimental studies. In order to gain some insight for
optimizing the CARS signal, we investigate theoretically time-resolved CARS
impulsively excited by SC. The cross-correlation frequency resolved optical gating
(XFROG) spectrogram is used throughout to describe both the complex pulse
profile of SC and the time-resolved CARS spectra. Our results indicate that it is
critical to optimize the temporal overlapping of the constituent solitons of an SC in
order to impulsively excite molecular vibrational modes over a broader frequency
range, which can lead to an increased measurement range of CARS. In addition, by
applying the cross-correlation frequency resolved optical gating algorithm, which is
a well-known technique for characterizing ultrashort pulses [60] and has been
previously applied to CARS [61, 62], we have retrieved the molecular optical
response function under SC impulsive excitation from a series of time-resolved
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CARS spectra, or CARS spectrogram, and obtained digital CARS spectrum with
spectral resolution significantly better than the bandwidth of the probe pulses.
Background-free CARS can be realized by digitally truncating the initial part of the
CARS spectrogram, which contains the nonresonant electronic contribution.

3.2 Theoretical background

This section discusses theoretical backgrounds of supercontinuum
impulsive excitation. Firstly, theory of supercontinuum generation in photonic
crystal fiber is presented. Then, CARS impulsively excited by supercontinuum
pulse is investigated.

3.2.1 Supercontinuum generation

Supercontinuum (SC) is a spectral broadening process which occurs when
narrow bandwidth incident pulse experience numerous nonlinear effects and lead to
a broad band output (e.g. expanding ~ 1000 nm from visible to near infrared
spectrum range [63]). This output broadband beam is more like a white light laser
which possesses high spatial coherence and can therefore be focused to diffraction
limited spot size. The first observation of SC was in bulk glass in the 1970s [64].
Since then, it has attracted lots of research interests. SC has been demonstrated in
various media such as solid, organic liquids, gases and waveguides [65-68]. The
invention of photonic crystal fiber (PCF) [69] as a new type of waveguide leads to a
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much lower pulse intensity requirement for spectral broadening as it can strongly
confine laser beam in a much smaller region (usually 1~2m). The other unique
advantage of PCF is its controllable dispersion property which can be engineered by
the fiber structure design, such as fiber material, air hole diameter and pitch. By
tuning the zero group velocity dispersion to near-infrared region, Ti:Sapphire
femto-second oscillator can be utilized for SC generation. A typical cross-section of
PCF is shown in Figure 3.3 which consists of a tiny solid core surrounded by
periodically arranged air holes. Figure 3.4 (a) shows a far field picture taken at the
output of a PCF (NL-2.0-770, Crystal-Fiber) of SC generated by femtosecond laser
pulses from a mode locked Ti:Sapphire laser (KM Labs). After dispersed by a
grating, it can be clearly seen that the SC covers a broad bandwidth as shown in
Figure 3.4 (b).

Figure 3.3 An example of cross section of a highly nonlinear PCF [70].
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(a)

(

(b)
c)

Figure 3.4 White light SC generated by using femtosecond pulses. (a) far field of
the SC white light generated from a PCF; (b) rainbow observed after the collimated
white light is dispersed by a grating [70].

The enhanced nonlinearity in the small-core PCF enables lots of nonlinear
optical effects such as Kerr effect, soliton effects, Raman shift and four-wave
mixing [71-73]. These nonlinear effects lead a narrow laser line to an extreme broad
spectrum, which is characterized as SC. To obtain the understanding of the
parameters governing the process of SC generation, the generalized nonlinear
Schrodinger equation (GNLSE) is utilized to model the evolution of the optical
pulse envelop in a PCF. Under the slowly varying envelope approximation [16, 74],
GNLSE can be given as:

A( z , T ) 
i n1  n A( z, T )
 A( z , T )  n2
n
z
2
n!
T n


i  
2
 A( z, T )   R( ) A( z , T   ) d
 i 1 

 0 T 

(3.3)

where A(z,T) denotes the complex time-domain envelope of the incident pulse,  is
the absorption coefficient,  is the propagation constant,  is the nonlinear
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coefficient, and R(t) is the Raman response function of the fiber. Note 1 is
neglected here as the pulse envelope is under the reference frame which travels
together with the pulse at group velocity vg. Because of the broad spectral
bandwidth of supercontinuum, higher order dispersions have to be considered.
Equation (3.3) can be solved numerically by the split-step Fourier method [75, 76].
Supercontinuum usually possesses sophisticated spectral and temporal
characteristics due to the complex physics behind the supercontinuum generation
process. We calculated supercontinuum pulse after propagating in a 12 cm long bare
PCF (crystal-fiber) with 120 mW input from our laser system, which is centered at
810nm with full width half maximum (FWHM) of about 64 fs. Figure 3.5 and
Figure 3.6 show the simulated spectrum and pulse profile respectively. The figures
clearly show supercontinuum pulse is complicate in both spectral and temporal
domains.
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Figure 3.5 Simulated supercontinuum spectrum with input pulses at 810 nm of 120
mW average power and 64 fs FWHM propagating in 12 cm of PCF.
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Figure 3.6 Simulated supercontinuum pulse profile with input pulses at 810 nm of
120 mW average power and 64 fs FWHM propagating in 12 cm of PCF.

Though Figure 3.5 and Figure 3.6 provide some information about the
pulse, a more intuitive way to describe such complex pulses in both the time and the
frequency domains is by the use of the cross-correlation frequency resolved optical
gating (XFROG) spectrogram [60], which shows the instantaneous frequencies of a
pulse as a function of time and is defined as:
S ( , t ) 







Esc (t ) g (t   )eit dt

2

(3.4)

where Esc(t) denotes a supercontinuum pulse, and g(t) is a gating pulse which, for
instance, could be the femtosecond pump pulse used to generate the
supercontinuum. Figure 3.7 shows spectrogram of the same supercontinuum pulse.
According to the figure, wavelength components around 800 nm arrives first as the
fiber zero-dispersion wavelength is designed at 770  20 nm. The pulse contains
two solitons which cover broad band spectral range in short period of time.
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Figure 3.7 Simulated spectrogram of supercontinuum pulse with input pulses at 810
nm of 120 mW average power and 64 fs FWHM propagating in 12 cm of PCF.

3.2.2. Time-resolved polarization-discriminated SC CARS

A major challenge of CARS is the existence of four-wave mixing (FWM)
non-resonant background which greatly limits the sensitivity of this technique. Lots
of works have been done to suppress non-resonant background including
interferometric [77, 78], polarization [79], and time-resolved CARS [17, 22, 80].
The basis of time-resolved method is that non-resonant background is an
instantaneously electronic response which disappears immediately after the
excitation and probe beams are no longer overlapped in time; while resonant signal
which is due to molecular vibration has much longer life time. By sending a delayed
narrow-band probe pulse to probe the molecular vibration, non-resonant background
can be suppressed as it vanishes much faster.
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Supercontinuum pulses can impulsively excite molecular vibrational modes
in a broad bandwidth region. However, they can also generate another strong fourwave mixing background to the time-resolved CARS spectrum. A method combines
the time-resolved CARS and polarization discrimination to significantly suppress
the FWM background by taking advantage of tensorial property of third order
susceptibility has been demonstrated by our group previously [21]. In this
technique, CARS signal is produced by an SC pulse Escx(t) linearly polarized along
the x-axis and a delayed orthogonally y-polarized probe pulse Epy(t-). If we assume
isotropic media, for a sufficiently large delay time  and a weak probe the relevant
third-order nonlinear polarization in the frequency domain is given by [3, 81]

Py(3) (1  2  3 , )

(3.5)

( 3)
*
  yxxy
(1  2  3 ; 1 ,2 , 3 )  Escx (1 ) Escx
(2 ) E py (3 )ei3

In which we assume 1  2 . For CARS processes with a single resonance, 
depends only on  and can be rewritten as . By taking Fourier
transform of equation (3.5), we can obtain the third-order nonlinear polarization in
time domain which is given as:

Py(3) (t , )
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( 3)
y

(1  2  3 , )e i (1 2 3 )t d1d2 d3 (3.6)

 E py (t   )[h(t )  ( Escx (t ) )  ]
2

where (|Escx(t)|2)+ represents the analytical continuation of (|Escx(t)|2) and contains
only the

positive

frequency components

[82],

and

h(t)

is

given

by
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 yxxy
()e it d . It can be shown that h(t) takes the following form

[80, 83, 84] (the detailed derivation is included in appendix at the end of this
chapter):

h(t )  Anr (t )   Al exp( 200 jc~l t )
l

 ( l
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4
2
 ) exp( t / T2l )  exp( t / T2l ) exp( t /  Rl )
3
3

(3.7)

where the non-resonant electronic response is given by a delta function with
amplitude of Anr, ~l (in cm-1) represents the resonant frequencies of the l-th Raman
vibrational mode, T2l is the corresponding vibrational dephasing time, Rl denotes
the reorientational time, and l represents depolarization ratio. Note that when the
femtosecond probe pulse and the SC are overlapped in time both of them can
contribute to molecular vibration excitation and probing, and Eq. (3.5) and (3.6) are
valid only for a weak probe in this regime. Similar result could also be derived if the
SC and probing pulses have the same linear polarization state. In this case,
h(t ) 

1
2







( 3)
 xxxx
()e it d can be used.

We can define an optical response function of molecules under SC
impulsive excitation:

f (t )  h(t )  ( Escx (t ) )
2

(3.8)

From Eq. (3.6), CARS signal is therefore given by:

ECARS (t , )  Py(3) (t , )  f (t ) E py (t   )
The time-resolved CARS spectrum is then given by:

(3.9)
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f (t ) E py (t   )eit dt
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(3.10)

3.3 Optimizing CARS impulsively excited by SC

We theoretically modeled SC generation in a 12-cm-long nonlinear
photonic crystal fiber by a Gaussian femtosecond pump pulse (pulse energy of 1.15
nJ, center wavelength at 810 nm, pulse width: 64 fs). An ideal long-pass-filter with
a Heaviside step amplitude response and zero phase delay was applied to digitally
filter out the short-wavelength spectrum of the generated SC ( < 810 nm), which
falls in the spectral window of CARS signals. Figure 3.8 (a) shows the spectrogram
of the long-pass-filtered SC pulse obtained by using a 50-fs (full width at half
maximum) transform limited Gaussian gating pulse. Two strong solitons separated
in both time and frequency domain can be observed. As is discussed below, the
temporal overlapping of solitons plays an important role in determining the
frequency range of molecular vibrational modes that can be impulsively excited by
an SC pulse. We first studied non-resonant four-wave mixing (FWM) created in a
Kerr medium by the SC pulse and an orthogonally polarized weak probe pulse,
which has the same pulse profile as the pump pulse used to generate the SC. The
time-resolved FWM spectrum can be obtained from the equations (3.8) – (3.10)
where (3) is regarded as a constant. The calculated result is shown in Figure 3.8 (b).
The vertical axis of the figure represents the probe delay time while the horizontal
axis shows the wave number. As we can see from the figure, the two temporally
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separated solitons do not interact with each other and they generate FWM signals
separately, which cover bandwidths of about 1900 cm-1 and 2200 cm-1 respectively.
Next, we considered time-resolved CARS in an artificial sample with a third-order
nonlinear susceptibility given by  (3) ()  Anr  3 [a /(   n  i )] , where 1,
n1
2, and 3 are the resonant vibrational frequencies with values of 500 cm-1, 1700
cm-1, and 3000 cm-1 respectively, |Anr/a| = 4 cm-1, = 6 cm-1 [85]. The calculated
time-resolved CARS spectrum is given in the Figure 3.8 (c). A strong vibrational
mode at 500 cm-1 and a weak one at 1700 cm-1 can be observed. However, the 3000
cm-1 vibrational mode can hardly be observed. This is consistent with the
nonresonant FWM result, and shows that only molecular vibrational modes up to
about 2200cm-1 can be observed although the supercontinuum covers a wavelength
range from 810 nm to nearly 1200 nm which corresponds to a bandwidth of about
4000 cm-1.
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Figure 3.8 (a) Simulated spectrogram of the SC generated in a 12-cm-long PCF by a
femtosecond pulse (pulse energy of 1.15 nJ, center wavelength at 810 nm, pulse
width: 64 fs); An ideal long pass filter is applied to remove the short-wavelength (
< 810 nm) spectrum of the SC; A 50-fs (FWHM) transform limited Gaussian gating
pulse is used to calculate the spectrogram; (b) Calculated time-resolved nonresonant FWM spectra generated in a Kerr medium by the SC and a weak probe
pulse; (c) Calculated time-resolved CARS spectra generated by the SC and a weak
probe pulse in a medium possessing three molecular vibrational modes; Only two
peaks can be observed.
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Our simulations therefore suggest that in order to fully take advantage of
the bandwidth of the SC to excite molecular vibrartional modes over a broad
frequency range it is critical for the different wavelength components of the SC, in
particular, the solitons to overlap in time. To confirm this, we theoretically
propagated the SC in a 35-mm-thick BK7 glass, which exhibits normal dispersion at
the wavelength range of interest. The calculated spectrogram of the dispersed SC is
shown in Figure 3.9 (a). The two solitons are slanted indicating a change of
instantaneous frequency as a function of time, or, the existence of frequency chirp.
They are now partially overlapped in time. Figure 3.9 (b) presents the time-resolved
nonresonant FWM spectrum obtained in the Kerr medium by utilizing the dispersed
SC. The FWM spectral bandwidth is extended to about 3000 cm-1. It should be
noted, however, that compared with Figure 3.8 (b) the FWM spectrum contains
non-uniform and complex spectral patterns as a result of the use of the dispersed
SC. The time-resolved CARS spectrum generated in the artificial sample by
utilizing the dispersed SC is also shown in Figure 3.9 (c), in which all the three
resonance peaks can be observed. This simple example indicates that optimizing the
temporal overlapping of the constituent solitons of an SC can indeed lead to
multiplex CARS measurement over a broader frequency range.
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Figure 3.9 (a) Simulated spectrogram of the SC after it is dispersed by a 35-mmlong BK7 glass; (b) Calculated time-resolved non-resonant FWM spectra generated
by using the dispersed SC; (c) Calculated time-resolved CARS by using the
dispersed SC; All three CARS peaks can be observed.
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3.4 Cross-correlation frequency resolved optical gating CARS

In addition to maximizing the frequency range, it is also desirable to
optimize the spectral resolution of CARS, which is usually limited by the bandwidth
of the probe pulse. If we look at a particular row of Figure 3.8 (c) or Figure 3.9 (c),
the spectral resolution (230 cm-1) is much larger than the actual width (12 cm-1) of
the CARS peaks due to the use of femtosecond probe pulses. This is not desirable
since it degrades the sensitivity and specificity of CARS. Note that in Eq. (3.10),
Epy(t) can be thought of as a gating pulse and ICARS() essentially describes the
instantaneous spectrum of f(t) [61, 62, 86, 87]. In other words, ICARS() is
analogous to a cross-correlation frequency resolved optical gating (XFROG)
spectrogram, which is a well established technique used to characterize ultrashort
laser pulses. With the knowledge of both ICARS() and Epy(t) the optical response
function f(t) can be digitally retrieved.
This opens the possibility of time-resolved CARS with simultaneous high
temporal and high spectral resolutions. The application of XFROG technique to
CARS was reported in Ref. [61, 62], in which multiple femtosecond laser beams
were utilized for generating the CARS signal. In the following, this method is
applied to SC impulsively excited CARS.
Here we first introduce the detailed procedure for charactering the probe
pulse whose information is needed to retrieve optical response function. The
complex filed of the probe pulse Epy(t) can be obtained by second harmonic
generation (SHG) FROG. The main advantage of this method is its high sensitivity
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as it only involves a second-order nonlinear process that has relatively higher
efficiency than third-order nonlinear process. Figure 3.11 shows the schematic
diagram of the SHG FROG. It is essentially a spectrally resolved SHG-based
autocorrelator. The measured signal can be given as [60]:
SHG
I FROG
( , ) 















E (t ) E (t   )e it dt

EFROG (t , )e it dt

2

2

(3.11)

The detailed process for FROG to retrieve the complex field of E(t) is
shown in Figure 3.10. First we start with a random guess of the unknown filed E(t).
A signal field EFROG(t,) can be obtained. Taking Fourier transform of the obtained
field with respect to time t, signal field in the frequency domain EFROG(,) can be
'
calculated. An improved signal field EFROG
(, ) is generated by changing the

amplitude of EFROG(,) to square root of IFROG(). This improved signal field is
then transformed back to time domain and used to generate a new guess of E(t).
After a number of iterations, it can approach to the correct complex field which
include both amplitude and phase information.
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Figure 3.10 Schematic of a FROG algorithm

The schematic experimental diagram of SHG FROG is shown in Figure
3.11. It is essentially time-gating the pulse with itself, measuring the spectrum vs.
the time delay between two copies of one pulse. Due to phase matching condition, a
thin SHG medium is required for this technique. In our measurement, a BBO crystal
with 30 m thickness is used to generate second harmonic signal.

E(t-)

EFROG(t,)
Spectrometer

E(t)

Figure 3.11 Schematic diagram for SHG FROG

The measured FROG trace of probe beam is shown in Figure 3.12 (a). A
long pass filter (Chroma 785-nm long pass filter) in the probe beam caused the
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asymmetry in frequency domain. Figure 3.12 (b) shows the retrieved pulse
amplitude and phase. As we can see, a slightly chirped pulse with pulse width ~ 100
fs is measured.
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Figure 3.12 (a) Measured FROG trace of probe pulse; (b) Retrieved pulse amplitude
(blue line) and phase (red line)
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3.5 Experiment

In this section, we experimentally demonstrate that spectral resolution much
better than bandwidth of probe beam can be achieved by applying XFROG
algorithm to experimentally acquired data.

3.5.1 Experimental layout

The schematic diagram of our experimental system for CARS spectroscopy
impulsively excited by supercontinuum is shown in Figure 3.13. Briefly, a
femtosecond laser beam (KMlabs, average power ~ 600 mW, pulse width ~ 64 fs,
center wavelength: ~ 810 nm) was divided into two beams by an ultrafast beam
splitter (Newport). The reflected beam was utilized as the probe while the
transmitted beam was coupled into a polarization-maintaining nonlinear photonics
crystal fiber (FEMTOWHITE, Crystal Fibre) to generate SC. The SC passed
through a broadband polarizer (Thorlabs) to purify its polarization and was then
long-pass filtered (Chroma, 810-nm long pass filter). The polarization of the probe
beam was rotated to the orthogonal direction by a half-wave plate, and was also
long-pass filtered (Chroma, 785-nm long pass filter) to remove the fluorescence
background from the laser cavity. A variable delay line was used in the SC beam
path to adjust the relative time delay between the SC and the probe pulse. The two
beams were subsequently recombined by a broadband beam splitter and tightly
focused by an objective lens into a sample to generate CARS signal. The average
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powers of the SC and the probe beams measured before the objective were about 19
mw and 28 mw respectively. Liquid sample was sandwiched between two cover
glasses and silicone lubricant was used to seal the edges to avoid leakage. The
CARS signal was collected in the forward direction by another objective
(apochromatic, numerical aperture: 1.4) before passing through a sequence of filters
(Chroma, 790-nm short pass; 808-nm notch, and 600-800 nm band-pass) and a
polarizer which was used to remove the orthogonally polarized four-wave-mixing
signal generated by the SC alone [21]. The CARS signal was finally detected by a
spectrograph (PI/Acton SpectraPro2500) with a liquid-Nitrogen-cooled charge
coupled device detector (PI/Acton Spec-10) (exposure time: 1 s). As discussed
earlier, the probe pulse was characterized by a separate second harmonic generation
(SHG) FROG [60] setup (not shown), in which a BBO crystal with a thickness of 30
m was used to produce the SHG signal.

Polarizer
Spectrograph
Short pass filter
/2 waveplate

Long pass filter

Polarizer

Beam splitter /2 waveplate

Figure 3.13 Schematic diagram of the experimental setup

Long pass filter
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3.5.2 Experimental results

We first demonstrate our method by studying time-resolved CARS in
benzene which has a vibrational peak at 992 cm-1. Figure 3.14 (a) shows a series of
measured CARS spectra with different probe delay times. Each row of the image
represents a measured CARS spectrum. The corresponding relative arrival time of
the probe pulse is indicated on the vertical axis while the horizontal axis shows the
Raman shift. In the beginning when the probe is temporally overlapped with the SC,
a continuum of FWM spectrum impulsively created due to the nonresonant
electronic Kerr response can be observed, which covers a broad wave number range
(up to ~ 2500 cm-1). The large FWM spectrum bandwidth suggests a much larger
frequency measurement range that is achievable by utilizing SC than using
femtosecond laser pulses as in Ref [61, 62]. Note that the measured FWM
spectrogram is different from the theoretical simulation shown in Figure 3.8 (b) and
Figure 3.9 (b). This is likely due to the fact that in our experiment the SC pulse
passed through various optics (such as long-pass filter, beam splitter and objective
lenses) with complex transfer functions, and therefore acquired a sophisticated
phase profile which is different from the one assumed in our calculation. The
nonresonant FWM signal almost disappears immediately once the probe and the SC
is no longer overlapped temporally. Meanwhile, resonant molecular vibrational
modes can sustain for several picoseconds even after the SC vanishes. As
aforementioned, the time-resolved CARS spectra can be interpreted as a
spectrogram describing the optical response of the molecules under an impulsive SC
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excitation. Since the optical response function f(t) can be retrieved by using the
XFROG algorithm [60], high-spectral-resolution CARS can be digitally realized by
computing the power spectrum of f(t) which is equivalent to an effective CARS
measurement by utilizing a continuous-wave probe beam. Furthermore, the
nonresonant background can be completely removed by digitally truncating the
initial part of the CARS spectrogram, which contains the electronic Kerr
contribution as discussed above. Therefore, our method can accomplish
background-free, high-resolution, and broadband multiplex CARS.
The optical response function f(t) is first retrieved from Figure 3.14 (a).The
calculated background-free CARS spectrogram by using the retrieved f(t) is shown
in Figure 3.14 (b), which agrees well with the experimental result. We next took the
Fourier transform of f(t). The normalized power spectrum (|F()|2) is shown in
Figure 3.14 (c) (blue line). A background-suppressed CARS peak centered at 992
cm-1 with a full width at half maximum of about 6 cm-1 can be observed, which is
much smaller than bandwidth of the probe beam (~ 240 cm-1). For comparison,
time-resolved CARS spectrum measured with the probe at a nominal delay of 1
picosecond is also shown in the figure (red line). As can be seen clearly, the spectral
resolution is significantly improved.
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Figure 3.14 Time-resolved SC-impulsively-excited CARS (a) Measured timeresolved CARS spectra from benzene; (b) calculated time-resolved CARS spectra
by using the retrieved optical response function. (c) blue curve: digitally retrieved
background-free CARS spectrum; red curve: measured CARS spectrum with the
probe at a nominal delay of 1 ps.

To further demonstrate the capability to realize high-resolution and
background-free CARS, we applied our method to study the CARS spectrum of a
mixture of benzene and toluene which has two nearby Raman peaks at 992 cm-1 and
1004 cm-1 respectively [14]. The beating of the CARS signals due to the two close
vibrational frequencies of benzene and toluene around 1000 cm-1 can be clearly seen
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in Figure 3.15 (a), although they cannot be resolved directly due to the broad
bandwidth of the probe beam. Similarly, CARS spectrogram without non-resonant
response part calculated from retrieved response function f(t) is shown in Figure
3.15 (b). The normalized power spectrum is shown Figure 3.15 (c). As shown in the
inset of Figure 3.15 (c), two close CARS peaks centered at around 990.5 cm-1 and
1002 cm-1 respectively are clearly resolved. The separation between the two peaks
(~12 cm-1) is much smaller than bandwidth of the probe beam (~ 230 cm-1). For
comparison, CARS spectrum measured with the probe at a nominal delay of 1.6 ps
is also shown in the figure (red line).
Different from normal CARS measurement in which the spectral resolution
is defined by the bandwidth of probe pulse; ideally, the resolution of FROG CARS
is limited by the range of FROG retrieve time window. However, multiple
measurements reveal peak offsets of  2 cm-1. It is likely that the accuracy of the
digitally retrieved CARS spectrum is limited by the range of time window (16.3 ps),
the stability of SC, as well as the numerical error of the calculation.

54

(a)

0

2
time(ps)

time(ps)

2
4
6

4
6

8

8

10

10

500

(b)

0

1000

1500

2000
-1

wavenumber (cm )

2500

500

1000

1500

2000

2500

-1

wavenumber (cm )

Figure 3.15 Time-resolved SC-impulsively-excited CARS (a) Measured timeresolved CARS spectra from a mixture of benzene and toluene; (b) calculated timeresolved CARS spectra by using the retrieved optical response function. (c) blue
curve: digitally retrieved background-free CARS spectrum; red curve: measured
CARS spectrum with the probe at a nominal delay of 1.6 ps.

3.6 Conclusion

In conclusion, we have investigated SC-impulsively-excited and timeresolved CARS. Our simulation results show that by optimizing the temporal
overlapping of the constituent solitons of SC broader-band multiplex CARS can be
achieved. It is also shown that the time-resolved CARS spectrum can be interpreted
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as a spectrogram, and background-free and high-resolution CARS can be realized
by applying the cross-correlation frequency resolved optical gating technique to the
digitally truncated spectrogram that only contains contribution due to resonant
molecular vibrations impulsively excited by SC. Our work can be useful for
optimizing SC impulsively excited CARS, which can find important applications in
sensing and imaging.

3.7 Appendix: molecular response function

The interaction between electromagnetic field and molecular vibrational
mode of interest is described by the polarizability tensor (ij) which depends on the
vibrational coordinate q of the oscillating molecule. The polarization tensor can be
given as [80, 83, 84]:

 ij   ij0 

 ij
q

q

The third order nonlinear polarization for CARS may be written as:

Pi NL 

 ij
q

E jq 

 ij  kl
E j Ek El*
q q

Where Ei, Ej, Ek and El denote anti-Stokes, probe, pump and Stokes field
respectively. When polarization of pump beams is orthogonal to that of probe and
Stokes beams, the third-order nonlinear susceptibility can be given as:
( 3)
 yzyz


 yz  yz
q

q

  yz(1) yz(1)
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The coupling tensor for molecular system can be diagonalized and takes form as:

 1(1)
 

 

 2(1)

q 
(1) 
3 
 

Here, we first calculate the light-scattering coefficient:

 yz(1)  y |  (1) | z  y | i i |  (1) | j j | z
 ij  ij(1)iy jz  i i(1)iyiz
( 3)
As a result, the third-order nonlinear susceptibility  yzyz
can be written as:

( 3)
 yzyz
  yz(1) yz(1)  (i i(1)iyiz )( j  (j1) jy jz )

 i( i(1) ) 2 iy iz  2i j  i(1) (j1) iyiz jy jz
2

2

(3.12)

As i | i  1, ix2  iy2  iz2  1 . Here, the Dirac notation is utilized to represent the
polarization state.
Taking square at both sides of the equation:

3ix4  6iy2iz2  1;

ix4 

1
4

iy2iz2 

2 

  cos
0 0

4

1
5

 sin dd  ;

1
15

Also, we know that i | j  0 , ix jx  iy jy  iz jz  0 .
Similarly, taking square at both sides of the equation:
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3ix2 jx2  6ix jxiy jy  0

ix jxiy jy  

1
30

In this case, the third-order nonlinear susceptibility can be calculated:
( 3)
 yzyz


2
2
2
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Under the circumstance when probe is orthogonal to pump and Stokes beam:
( 3)
 yyzz
  yy(1) zz(1)  (i i(1)iyiy )( j  (j1) jz jz )
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(3.13)

Furthermore, as i | i  j | j  1, we can obtain:

3ix2 jx2  6ix2 jy2  1;

ix2 jy2 

2
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In this case, the third-order nonlinear susceptibility can be calculated:
( 3)
 yyzz
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(1(1)   2(1)   3(1) )

.
3

58
Under the circumstance when all the beams share same polarization direction:
( 3)
 zzzz
  zz(1) zz(1)  (i i(1)iziz )( j  (j1) jz jz )
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Consider a molecular vibrational mode centered at l (cm-1), with vibrational
dephasing time T2l , rotational correlation time Rl, and depolarization ratio 

l 

I
3 2

I // 45 2  4 2

As a result, the molecular response function can be calculated:

hyzyz (t )  Anr (t )   Al exp( 200 jc~l t )
l

 exp( t / T2l ) exp( t /  Rl )
hyyzz (t )  Anr (t )   Al exp( 200 jc~l t )
l

2
 1 4

 ( l  ) exp( t / T2l )  exp( t / T2l ) exp( t /  Rl )
3
3
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4
 1 4
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3
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The first term on the right hand side of the equation (Anr(t)) denotes the nonresonant process. The first term in curly braces that only contains vibration
corresponds to the isotropic contribution, and the second term in curly braces that
includes both vibration and rotation represents anisotropic contribution. Note that
different from other nonlinear susceptibility, hyzyz(t) only contains anisotropic
contribution.

CHAPTER 4.
FEMTOSECOND OPTICAL KERR GATING USING
NONLINEAR PHOTONIC CRYSTAL FIBER

4.1 Introduction

In the previous chapter, four-wave mixing background generated by SC in
an SC-impulsively excited CARS measurement is removed by polarization
discrimination method. There is an alternative method for limiting this background
by utilizing optical Kerr gating. In this chapter, a new scheme for realizing optical
Kerr gating by photonic crystal fiber is demonstrated.
High speed nonlinear optical gating based on the third-order nonlinearity
has found broad applications recently. For example, the optical Kerr gate (OKG)
has been used as an ultrafast gate for time-resolved biomedical optical imaging [8891] and optical communication [92, 93]. Liquid carbon disulfide (CS2) has been
widely used as the standard OKG switching medium [94-96]. The need of finding
new nonlinear medium other than CS2 has attracted lots of research interests. During
the past few decades, a variety of materials such as quartz [97, 98], C60 molecular
[99], organic molecules [100-102], new type of glasses [103-105] and polymers
[106, 107] have been investigated and used to achieve fast optical switching. OKG
by highly nonlinear fiber has also been reported [93]. However, fiber with long
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length (~ 2-km) is usually needed to achieve optical switching, which may limit the
gating efficiency due to pulse walk off effect. Furthermore, about 100 milliwatts
(mW) average pump power is required because of the limited nonlinearity of the
fiber. In this work, we explore the use of photonic crystal fiber (PCF) as a Kerr
medium. With only a few centimeter of fiber length, ultrafast OKG with opening
time (FWHM: full width half maximum) less than 100 femto-second is
demonstrated by using femto-second pump pulse with just a few milliwatts of
average power.

4.2 Concept of technique

A conceptual diagram of our femtosecond optical Kerr gating by using
photonic crystal fiber (PCF) is shown in Figure 4.1. At the input of the PCF, the
polarization direction of a weak signal beam at 1 is initially aligned with one of the
polarization axes of PCF. The polarization direction of a pump beam at a different
wavelength 2 is tuned 45o with respect to that of the signal beam. The axis of an
analyzing polarizer at the output of the PCF is aligned orthogonal to the polarization
direction of signal beam. In the absence of the pump beam, the PCF doesn‟t affect
the polarization state of the weak signal beam which is then blocked by the
polarizer. With the co-propagating pump pulse, it induces additional birefringence
in the nonlinear medium which is characterized by the third order nonlinear
coefficient. The signal polarization is then changed in the Kerr medium and thus a
portion of the signal beam can pass through the analyzer and be detected.
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Figure 4.1 Conceptual diagram of femtosecond optical Kerr gating using PCF

4.3 Experiment

4.3.1 Experimental setup

The schematic diagram of the femtosecond optical Kerr gating system by
using photonic crystal fiber is shown in Figure 4.2. The polarization state of a
femtosecond laser beam from a mode-locked laser (KMLabs, average power ~ 600
mW, repetition rate ~ 85 MHz, center wavelength ~ 810 nm, pulse width ~ 60
femto-second) is controlled by a half-wave plate. It is divided into two beams by a
slightly slanted long pass filter (Chroma, 810 nm long pass). The portion of the laser
spectrum covering longer wavelength is transmitted through the filter and used as
the pump beam for OKG, while the reflected beam (the shorter wavelength part) is
utilized as signal beam whose polarization direction is controlled by another halfwave plate.
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Figure 4.2 Schematic diagram of experimental setup. HWP, half wave plate; LP,
810 nm long pass filter; BS, beam splitter, PCF, photonic crystal fiber; BP, 700/200
nm band pass filter.

The spectrum of the pump and signal beam is shown in Figure 4.3. Their
relative time delay can be adjusted by a variable delay-line. Attenuators are used to
control the beam powers. The pump and signal beams are then recombined by a
beam splitter and propagate collinearly. The combined beam is coupled into a
photonic crystal fiber (NKT Photonics, 2 m core) with several centimeters length,
which serves as the Kerr medium in our measurement. The collimated output beam
then passes through a broadband polarizer (Thorlabs) that is aligned orthogonal to
the polarization direction of the signal beam and used as an analyzer. A filter
(Chroma, 700/200 nm band pass filter) is used in our measurement to block the
pump beam. Finally, the transmitted signal beam is detected by a power meter
(Newport).
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Figure 4.3 Normalized spectrum of signal and pump beam.

4.3.2 Experimental results

We measured the output signal power as a function of the delay time under
different pump power. The average power of the pump beam was first adjusted to 1
mW (measured after the combining beam splitter), while the signal power was 0.35
mW. It should be noticed that the 700/200 nm band pass filter that we used to filter
the pump beam can also block a portion of the spectrum of the signal beam. The
signal power measured after passing through the filter was 21 W. The transmitted
signal power as a function of the time delay is shown in Figure 4.4 (a), in which a
transmission peak can be observed when the two beams are temporally overlapped.
The figure also shows a background of about 150 nW. 14 nW pump power can pass
through the band pass filter which contributes to the background. In addition, as the
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signal beam is not perfectly linear polarized; about 140 nW signal power can pass
through the polarizer.
Note that interference pattern was observed in the measured data. The
detailed origin of it is not clear at the time of this thesis work and requires further
investigation. For ease of analysis, we have digitally removed the interference
pattern. The procedure is described as follows. Let us consider the measured data

S ( ) , in which  represents the relative time delay between the signal and pump
beam. We first take Fourier transform of the measured data and get s( ) , then
apply a low-pass filter to remove the side bands to obtain s ' ( ) . By taking the





inverse Fourier transform of the filtered function F 1 s ' ( ) , we can obtain a lowpass filtered time-resolved signal S ' ( ) . Figure 4.4 (b) shows the calculated result
that has peak power of about 0.45 W and a full width half maximum (FWHM) of
about 86 femto-second. As we mentioned above, the total signal power measured
was 21 W when the polarizer was aligned with the signal polarization, the
efficiency of the OKG then is estimated to be ~ 2 %. The FWHM of the trace
indicates the opening time of the optical gate, which is shorter than 100 femtosecond (limited by the pulse duration).
To achieve higher gating efficiency, higher pump power is required. We
increased the average pump power to 6 mW (measured after the beam splitter) and
the original signal power was kept the same as the previous measurement. Figure
4.5 (a) shows the measured transmission signal power. Background was higher than
the previous measurement as the transmitted background pump beam was increased
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to 180 nW. Figure 4.5 (b) shows the digitally low-pass filtered time-resolved signal
obtained by using the same procedure as aforementioned. The gating efficiency is
increased to about 75%. It is worth to mention that the gating efficiency may reach
even higher by carefully increase the pump power by small accretion.
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4.4 Conclusion

In conclusion we have demonstrated photonic crystal fiber can be
potentially used as an efficient Kerr medium for optical Kerr gating. By using
femto-second pump pulses with only a few milliwatts of average power, high
switching efficiency can be achieved in PCF with only several centimeters length.
Furthermore, gating time shorter than 100 femto-second is obtained. In this proofof-concept experiment, signal and pump beams are obtained by spectrally splitting
the same femto-second pulse. The filter used to filter out the pump beam also
blocked a portion of the spectrum of the signal beam. This problem can be
alleviated by using optical parametric oscillator (OPO), from which two spectrally
well separated pulses can be obtained and utilized in the OKG.

CHAPTER 5.
INLINE HOLOGRAPHIC COHERENT ANTI-STOKES
RAMAN MICROSCOPY

5.1 Introduction

Previously, coherent anti-Stokes Raman scattering spectroscopy has been
introduced for detecting different chemicals based on their intrinsic vibrational
modes. According to the spectroscopic contrast of signal, CARS has also been
utilized as microscopy technique. The first CARS microscopy was demonstrated in
1982 [24]. CARS microscopy has been proved to be very successful for imaging
cells and tissues [25]. Since then, CARS microscopy has attracted lots of research
interests because of its unique capability in providing chemical specific imaging.
Conventional CARS measurement requires three-dimensional scanning to form
microscopic image which dramatically limits the imaging speed of this technique. In
this chapter, a new holographic CARS technique which can perform threedimensional chemically specific imaging will be introduced.
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5.1.1 Three-dimensional chemical selective imaging

Over the past several decades, holography has found a myriad of
applications in a variety of areas [108, 109]. Holography has the unique capability
of the reconstructing high spatial-resolution three-dimensional image because
hologram records both the amplitude and phase information of a wide-field signal
simultaneously. With the recent progresses on digital holography [110] and easy
access of high performance computers, there have been growing interests to exploit
holography as a three-dimensional microscopy tool for monitoring fast dynamics.
Despite its unique ability to record the phase and the amplitude of a wave, the
contrast mechanism of an optical holographic image is based on differences in
refractive index and absorption and as a result it usually does not have chemical
selectivity. Fluorescence [111, 112] and second harmonic [113, 114] microscopy
has been combined with holography to provide three-dimensional image with
chemical contrast. However, these techniques require labeling specimen with
fluorophores or second harmonic nanocrystal markers which may contaminate the
sample of interest. Coherent anti-Stokes Raman scattering (CARS) microscopy has
been extensively investigated in recent times due to its capability to perform labelfree imaging as well as the significantly improved sensitivity of CARS compared to
spontaneous Raman scattering [24, 25, 115-117]. In this chapter, a novel technique
which combines CARS with holography will be discussed.
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5.1.2 Theory

In this part, theoretical analysis of holographic CARS is presented. The
treatment closely follows reference [118].The generated CARS signal follows the
wave equation with the third order nonlinear polarization as the source term:

( 2 
Where E p  Ap e
and 

( 3)

 
jk p r

2
c2

n 2 ) Eas  

4 2 ( 3)
 ( x, y, z ) E p2 E s*
c2

(5.1)

 

and E s  As e jks r are pump and Stokes beam respectively,

( x, y, z ) represents the spatial distribution of third order susceptibility.

By defining a slowly varying CARS field Eas  Aase

jkasz

propagating

along the z-axis, equation (5.1) becomes,
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Where k  2k pz  k sz  k as , by applying slowly varying approximation, equation
(5.2) can be written as
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We now perform 2-D Fourier transform to equation (5.3),
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Where kx, ky, u, v are spatial domain frequency, kx=2u and ky=2v. Equation (5.4)
k x2  k 2y

~
~ 2 jkas z
e
can be simplified as the following form by defining a new field Aas  Aas
in
the spatial frequency domain,
k x2  k 2y
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j
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Considering the sample thickness L , the amplitude of the generated CARS signal in
spatial frequency domain can be written as,
j
4 2 2 *
~
( 3)
jkz
Aas  
A
A
dz

(
u
,
v
,
z
)
e
e
p s
2 jk asc 2
0
L

j

Since e

k x2  k 2y
2 kas

( L z )

 e  j ( u

2

 v 2 )( L  z )

,

k x2  k y2
2 kas

( L z )

(5.6)

we now notice that the integral part in

equation (5.6) is the Fourier transform of the 2-D convolution between
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Fresnel diffraction kernel [119].
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, where the latter is essentially the

By applying inverse Fourier transform, the

generated CARS field at the exit plane of the sample volume can be written as,

E as ( x, y, L)  
L

4 2 2 * jkasL
Ap As e
c2

  dze
0

k

jkz

[

( 3)

as
j
(x
k as
( x, y, z ) 
e 2( L  z )
j 2 ( L  z )

2

 y2 )

]

(5.7)

As can be seen in equation (5.7), the observed CARS field at the exit plane is
( 3)
basically the linear superimposition of the diffracted  ( x, y, z ) distribution at
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different depths in the sample volume. Consequently, given the two dimensional
CARS filed Eas(x,y,L) at the exit plane of the sample volume, three dimensional

 ( 3) ( x, y, z ) distribution can be obtained by back-propagating algorithm.

5.1.3 Off-axis holographic CARS

Our group has previously demonstrated off-axis digital holographic CARS
imaging technique which combines the unique capability of both holography and
CARS and can therefore perform three-dimensional chemical selective imaging
[120].
The basic principle of off-axis holographic CARS is illustrated in Figure
5.1. Molecule of interest is excited by the pump and Stokes beam to generate fourwave mixing (FWM) signal. When the frequency difference between pump and
Stokes matches particular molecular vibrational mode, the vibration can be
resonantly excited and CARS signal is generated. The generated CARS or more
generally FWM signal then interferes with a reference beam at same angular
frequency to record a digital hologram on a charge-coupled device (CCD). As the
hologram contains both amplitude and phase information of the signal field, CARS
field can then be reconstructed digitally.
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Figure 5.1 Schematic diagram illustrating the principle of holographic CARS [121].

Previous work by our group has demonstrated that a hologram can be
recorded by interfering the reference beam with the CARS signal generated from
polystyrene microspheres suspended in water within a single shot. After
reconstruction and digitally propagation of the CARS image field, it is showed that
this technique has the capability of performing three-dimensional chemically
specific imaging without scanning. Furthermore, as the CARS hologram is recorded
within a single shot, which is as short as 5 ns in this case, it opens the possibility of
three-dimensional imaging of fast dynamical phenomena in biological samples.

5.1.4 In-line holographic CARS

Inline CARS holography method provides a simple way for doing CARS
holography. Specifically, a thin layer of uniform third order nonlinear medium is
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first placed in front of a specimen to be imaged. When the sample is illuminated
with a pump (also used as a probe) beam and a tunable Stokes beam, a reference
wave is generated in the nonlinear medium through four wave mixing. The
reference and the CARS signal resonantly generated in the specimen by the same
pump and Stokes beams can interfere and result in an inline hologram on a CCD
camera. Three-dimensional imaging can be achieved by digital propagation of the
recorded inline hologram. Main advantages of this proposed technique include that
it requires no separate reference beam and that the signal and the reference waves
naturally overlap both spatially and temporally. In addition, it is also relatively less
susceptible to system instability.

5.2 Experiment arrangement and results

This section includes experimental arrangement and results of in-line
holographic CARS. Specifically, experimental principle and setup is shown;
chemical selective capability is demonstrated and three – dimensional imaging
capability is presented.

5.2.1 Experimental setup of in-line holographic CARS

Figure 5.2 (a) illustrates the basic principle of in-line holographic CARS
imaging. Reference beam is generated through four-wave-mixing (FWM) process in
a layer of nonlinear medium set in the front of specimen of interest. The reference
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and generated resonant CARS signal then co-propagate and generated hologram is
recorded by a CCD camera.
The schematic diagram of our experimental setup is shown in Figure 5.2
(b). The output at fundamental frequency (1 = 1064 nm) from a Q-switched pulsed
laser (Continuum Surelite III, repetition rate: 10 Hz, pulse duration ~ 5 ns, injection
seeded) is used as a pump beam for generating CARS signal. The frequencydoubled output from the laser is used to pump a type II optical parametric oscillator
(OPO) (Photop Technologies, OPO BBO-2B) to produce a tunable Stokes beam.
The two beams are then weakly focused by two lenses with focus lengths of 750
mm and 150 mm respectively and spatially overlapped on a sample. A tunable delay
line in the pump beam path can be adjusted to optimize the temporal overlapping.
The sample consists of two parts which are sandwiched between three glass slides
as illustrated in the inset of Figure 5.2 (b). The first part is a thin layer of uniform
nonlinear medium, which is used to produce a reference wave through four wave
mixing for recording a CARS hologram. In our experiments, index oil (about 10 m
thick) was used. The second part, which is placed behind the nonlinear medium, is
the actual specimen to be holographically imaged. The CARS signal generated from
the specimen of interest interferes with the reference wave generated in the
nonlinear medium. The resulted interference pattern (or inline hologram) is
magnified by an imaging system consisting of a long-working-distance objective
lens (numerical aperture: 0.42, focal length: 10 mm) and a lens (focal length: 500
mm), and captured by a CCD camera (Apogee 32ME). The undepleted pump and
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Stokes beams are blocked with a small piece of Teflon. A band-pass filter (Chroma
D800/30) is used to further filter out any remaining pump and Stokes beams.

(a)

Nonlinear medium

(b)

Laser

=532nm

=1064nm
Specimen

OPO

L1

p

2p-S


L2

S

Sample

L3

CCD

F
L4

Figure 5.2 (a) Schematic diagram illustrating the principle of in-line holographic
CARS. (b) Schematic diagram of the in-line holographic CARS imaging setup. L1:
lens, focal length 750 mm, L2: lens, focal length 150 mm, L3: long working distance
objective lens, focal length 10 mm, L4: lens, focal length 500 mm. As shown in the
inset, sample includes a layer of nonlinear medium (index oil) to generate a
reference wave and a specimen to be imaged.
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5.2.2 Chemical selectivity

We first prepared a specimen consisting of a Poly(methyl methacrylate)
(PMMA, Bangs Lab., nominal diameter: 10 m) and a polystyrene (Duke Scientific,
nominal diameter: 10 m) microspheres immobilized on a cover glass (VWR No.1
cover glass) by UV curable optical adhesive (Norland Optical Adhesive 60). As
aforementioned the whole sample was sandwiched between three pieces of cover
glasses. Index oil was sealed between the first two cover glasses while the third
glass was the one with immobilized microspheres which were immersed in water.
Silicone lubricant was used to seal the edges of the glasses to avoid leakage. An
optical microscope image of the two microspheres is shown in Figure 5.3 (a). Then
we used our system to record inline holograms of the specimen. The energies of the
pump pulse and Stokes pulse were about 8 mJ and 4 mJ, corresponding to peak
intensities of approximately 5 GW/cm2 and 16 GW/cm2 respectively. The exposure
time was 1.5 seconds corresponding to about 15 shots of pulsed exposure. The
Stokes beam was first tuned to resonantly excite the vibrational mode of PMMA at
2959 cm-1. A hologram recorded at PMMA resonance is shown in Figure 5.3 (b).
The specimen was defocused during the recording. The hologram was then digitally
back-propagated and the reconstruction is shown in Figure 5.3 (c). We can clearly
see that the PMMA sphere is much brighter than the polystyrene sphere. However,
the

off-resonant

polystyrene

sphere

is

also

observable

and

shows

focusing/defocusing effect as well during digital back-propagation. This might
originate from two reasons: first, the non-resonant four waving mixing background
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generated by the off-resonance sphere can interfere with the reference wave to
record a weak four wave mixing hologram; second, the scattering of the reference
wave by the polystyrene microsphere can also result in a Gabor hologram. In order
to record a high quality CARS hologram, one will need to suppress the
contributions due to both non-resonant four wave mixing background and scattering
of the reference wave. We next tuned the wavelength of the Stokes beam to
resonantly excite the vibrational mode of polystyrene at 3060 cm-1. The same
exposure time and excitation pulse energies were used in the experiment. A
hologram obtained at polystyrene resonance is shown in Figure 5.3 (d). Similarly,
the digital back-propagation result as given in Figure 5.3 (e) reveals that the
polystyrene microsphere is much brighter than the PMMA sphere in this case.
These results show that inline holograms with good chemical selectivity can be
obtained by our system. It should be noted that nonresonant four wave mixing
background can also be generated from surrounding medium (e.g., water, in our
case) as well as glass cover slides and could be exploited as a reference wave for
recording inline holograms. However, we found that under our experimental
conditions such nonresonant background was not strong enough for recording
holograms of good quality. Figure 5.3 (f) shows a hologram recorded without the
use of a nonlinear layer. As can be seen, the fringes are hardly visible.
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(a)

(b)
PMMA
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(c)

(e)
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(f)
81.6 m

81.6 m

Figure 5.3 Chemical selective in-line holographic CARS imaging. (a) an optical
microscope image of a PMMA and a polystyrene (PS) spheres; (b) a hologram
recorded at PMMA resonance; (c) reconstruction by digital back-propagation
showing a resonant PMMA microsphere; (d) hologram recorded at polystyrene (PS)
resonance; (e) reconstruction by digital back-propagation showing a resonant PS
microsphere; (f) a hologram recorded without the use of a nonlinear layer.
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5.2.3 Three-dimensional image

We also experimentally investigated inline holographic imaging of multiple
PMMA microspheres suspended in water. During the experiment, the Stokes
wavelength was tuned to match PMMA resonance at 2959 cm-1. The energies of
pump and Stokes pulses were about 10 mJ and 5 mJ, corresponding to peak
intensities of approximately 6 GW/cm2 and 20 GW/cm2 respectively. The exposure
time was set to 90 ms to ensure single shot exposure as repetition rate is 10 Hz. The
microspheres were essentially still during the recording as the pulse width of the
laser is only about 5 ns. Figure 5.4 (a) shows a recorded hologram, which can be
reconstructed by digital propagation. However, it is well known that the
reconstructed fields by backpropagation of an inline hologram contain undesirable
autocorrelation and twin-image terms. As shown in Figure 5.4 (b)-(d), the retrieved
CARS fields contain strong background which dramatically limited the imaging
quality.
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Figure 5.4 In-line holographic CARS imaging of multiple PMMA microspheres
suspended in water. (a) recorded inline hologram; (b)-(d) digital back-propagation
results at different planes; from (b) to (d), z= -33 m, -61 m, -82 m, respectively.

Our collaborators Dr. David Brady‟s group at Duke University have
recently demonstrated a compressive holography technique which can reconstruct
three-dimensional tomographic distribution from an inline hologram and remove the
twin-image and autocorrelation background [122, 123] for signals that are sparse in
some basis. Considering these advantages, we have explored the compressive
holography technique for reconstructing a CARS hologram [122, 124].
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Figure 5.4 and Figure 5.5 compares a compressive holography
reconstruction to the backpropagation reconstruction created from the recorded
CARS in-line hologram, shown in Figure 5.4 (a). As mentioned above, Figure 5.4 (b)
- (d) show the backpropagation reconstruction, while Figure 5.5 (a) - (c) present the
corresponding compressive holography reconstruction. The axial distances are -33
m (Figure 5.4 (b) and Figure 5.5 (a)), -61 m (Figure 5.4 (c) and Figure 5.5 (b)),
and -82 m (Figure 5.4 (d) and Figure 5.5 (c)), respectively. At these three different
axial positions, three microspheres are brought to focus position. Clearly, the
compressive holography reconstruction suffers much less from the autocorrelation
and the twin-image artifacts compared to the back-propagation reconstructions.
It should be noted that the bright spots shown in the reconstructions are
much smaller than the nominal diameter of the microspheres (10 m) indicating that
the CARS field is focused by the microspheres, which is similar to off-axis
holographic CARS measurement. To obtain CARS images of microspheres, one can
continue the digital propagation of the CARS field until reaching the exit plane of
the microspheres [120]. We would like to point out that in general a sample would
not always focus the generated CARS field and therefore the compressive
holography reconstruction can usually find an estimate closer to the source density
of the sample than the diffracted field.
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(a)

(b)

(c)

Figure 5.5 In-line holographic CARS imaging of multiple PMMA microspheres
suspended in water. (a)-(c) compressive holographic reconstruction; from (a) to (c),
z= -33 m, -61m, -82m, respectively (figures are provided by Dr. David
Brady‟s group at Duke University) [125].

5.3 Theoretical analysis

In this section, theoretically investigation of in-line holographic CARS
technique is presented. The scattering effect due to non-uniformity of refractive
index in the medium is discussed.
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5.3.1 Theory

To gain additional insight, we investigate theoretically the recording of
inline CARS holograms. Under scalar and undepleted pump and Stokes
approximation, the anti-Stokes, the pump, and the Stokes fields satisfy the following
wave equations respectively [3].

[2  cas2 n(as , x, y, z ) 2 ]Eas   4c2as  (3) E p2 Es*
2

[ 2 

 p2
c2

2

n( p , x, y, z ) 2 ]E p  0

(5.8)
(5.9)

[ 2  cs2 n(s , x, y, z ) 2 ]Es  0
2

(5.10)

where as ,  p ,  s are the angular frequencies of the anti-Stokes, pump, and Stokes
beams, c is the speed of light in vacuum, n is the refractive index of the specimen,

 (3) is the relevant third order nonlinear susceptibility, and Eas , E p and Es are the
anti-Stokes, pump and Stokes fields in the specimen. Assuming small variation of
the refractive index, we can rewrite equation (5.8) as:

(2  cas2 n 2 ) Eas   4c2as  (3) E p2 Es*  cas2 2n nEas
2

2

2

(5.11)

where n is the average refractive index and n  n  n is the index variation. The
second term on the right hand side of equation (5.11) represents the scattering effect
due to a non-uniform linear refractive index distribution. If the specimen is linear,
( 3)
i.e.,   0 , equation (5.11) describes the scattering of the reference wave and can

be rewritten by using Born‟s approximation [51]:

( 2  cas2 n 2 ) Esc   cas2 2n nEr
2

2

(5.12)
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where Er denotes the reference wave created by four wave mixing in the nonlinear
medium placed in front of the specimen, and Esc is the scattered field. This
equation can be solved by using the Green‟s function. The total field is then given
by Er  Esc . As a result, a Gabor hologram can be recorded by capturing the total
intensity Er  Esc . In general, equation (5.11) needs to be solved numerically and
2

the solution consists of both the contribution due to scattering of the reference wave
and the anti-Stokes signal generated in the specimen. The recorded intensity
2

s
s
distribution is therefore given by I  Er  Esc  Eas
where Eas
is the anti-Stokes

field of interest generated by the specimen. To obtain a genuine CARS hologram,
s
one needs to suppress the contribution due to the scattered field (i.e., Esc  Eas
)

since it lacks chemical selectivity. Therefore, weak scatterers and/or a relatively
weak reference wave are needed.

5.3.2 Simulation results

To better understand the inline CARS holographic recording process, we
consider a sample consisting of a 10-m-thick nonlinear medium with nonlinear
( 3)
susceptibility  NM
, a 160-m-thick spacer, and a specimen consisting of two 10-

m-diameter microspheres A and B immersed in water (A: lower-left, B: upperright, c.f. Figure 4) with identical refractive index of 1.5 and separated by about 14
m. Further, we assume that microsphere A is on resonance and the ratio of the
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( 3)
corresponding third order nonlinear susceptibilities is given by  NM
:  A(3) :  B(3)

=1.2:1+j:1. As aforementioned under our experimental conditions the nonresonant
background generated from surrounding medium and glass cover slides are quite
weak for recording holograms. For simplicity both the spacer and water are
(3)
assumed to be linear (i.e.   0 ) in our model. We applied the beam propagation

method [126, 127] to solving equation (5.8) – (5.10). The initial pump and Stokes
fields were assumed as Gaussian beams.
The calculated inline hologram is shown in Figure 5.6 (a) in which we also
added random noise that was comparable to the CCD noise in our experimental
measurement. Figure 5.6 (c) shows the reconstruction by digital back-propagation
of the theoretical inline hologram. The simulation results qualitatively agree with
the experimental results shown in Figure 5.3. Our simulation also shows that the
generated CARS field is focused by the microsphere, which therefore results in a
bright spot much smaller than the size of the sphere itself in the reconstructions
shown in Figure 5.3 - Figure 5.6.
We also investigated the recording of Gabor hologram by setting

 A(3)   B(3)  0 . In this case, only the scattering of the reference wave is
considered. Figure 5.6 (b) shows the calculated Gabor hologram while the
reconstruction is shown in Figure 5.6 (d). Clearly, it lacks chemical selectivity as
both microspheres have the same brightness. Note that microsphere B appears
darker in Figure 5.6 (c) than in Figure 5.6 (d), suggesting a destructive interference
between the scattered field and the four wave mixing field.
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(b)

(a)

(d)

(c)
B

80 m

A

80 m

Figure 5.6 Theoretical simulations. (a) calculated inline CARS hologram when
sphere A is on resonance; (b) calculated Gabor hologram when only scattering
effect is considered; (c) digital reconstruction of the inline CARS hologram shown
in (a); (d) digital reconstruction of the Gabor hologram shown in (b);

5.4 Conclusion and discussion

In summary, we have demonstrated and investigated a simple method for
inline CARS holography. It is shown that the recorded inline CARS hologram has
good chemical selectivity and that three-dimensional imaging can be achieved by
digitally propagating the hologram. We also applied the compressive holography
technique to reconstruct the recorded inline hologram, which can significantly
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suppress the twin image background. However, we should note that the existence of
a scattered reference field leads to a superposition of inline CARS hologram with
Gabor hologram, and therefore reduces the chemical selectivity. The scattered field
could interfere destructively or constructively with the CARS signal generated in
the specimen to result in non-uniform image intensity. In addition, the scattered
field could also interfere constructively with nonresonant four wave mixing
background by lucky phase matching while interfering destructively with resonant
CARS signals generated at certain locations, which can potentially result in
enhanced background and difficulty in interpreting the results. These limitations can
be overcome by generating the reference wave off axis to avoid its propagation
through the specimen and hence the recording of a Gabor hologram. Nevertheless,
the technique described here is simple to implement and is relatively robust against
system instability due to the fact that both the reference and signal are generated by
the same pump and Stokes beams and co-propagate in the same media. It can be a
useful technique for relatively thin samples (compared to the coherence length of
CARS processes) or when combined with other techniques which can suppress the
non-resonant background.

CHAPTER 6.
SEPCTRAL HOLOGRAPHY FOR CHARACTERIZING
METAMATERIALS

6.1 Introduction

In the previous chapter, holographic technique is applied to spatial domain
to realize three – dimensional imaging by recording both amplitude and phase of a
signal field. The holographic signal recording and processing can also be utilized in
spectral domain [26, 27]. In this chapter, we will introduce a spectral holographic
technique for charactering metamaterials.
Optical metamaterials have attracted lots of research interest recently [128,
129] because it‟s crucial for some novel phenomena and applications such as flat
near- and far-field lenses [130-133], low-index mirrors [134], and electromagnetic
cloaks [135-137]. It is important to develop a technique for characterizing these
novel materials. Here we propose to use spectral holography method to characterize
a free-standing optical zero-index metamaterial with a normal incident beam. By
recording spectral hologram, the transmission, reflection and their phases over a
broad bandwidth can be measured by utilizing a supercontinuum source.
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6.2 Transmission measurement

The schematic diagram of transmission measurement is shown in Figure
6.1. A supercontinuum light source, which was generated by focuing a subnanosecond pump pulse (JDS Uniphase NP-10620-100) into a photonic crystal fiber
(BlazePhotonics SC-5.0-1040) is sent into a Mach-Zehnder interferometer.
Interferograms with and without inserting sample are measured in a broadband
range (1250 nm – 1650 nm) by an optical spectrum analyzer (Ando electric). A
free-standing optical zero-index metamaterial designed by Dr. Werner‟s group and
fabricated by Dr. Mayer‟s group is characterized.

BS

Sample

OSA
BS

Lens

Figure 6.1 Schematic of the Mach-Zehnder interferometer used for transmission
measurement. BS: Beam splitter; OSA: Optical spectrum analyzer.

The complex transmission (

) coefficient of the fabricated ZIM

sample were calculated from the measured data as follows. For the transmission
measurement, the interferograms are given by
(6.1)
and
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(6.2)
where ET and ET‟ are the transmission interferograms without and with the sample,
respectively (as shown in Figure 6.2 (a)). R represents the field amplitude of the
reference beam in the frequency domain, while S stands for that of the signal beam.
Figure 6.2 (b) shows the inverse Fourier transforms (IFT) of these two
interferograms. The center peak corresponds to the IFT of the first two terms on the
right-hand sides of equation (6.1) and (6.2) which are the individual spectra of the
reference and the signal. Two sidebands are the respective IFTs of the last two
terms in the equation (6.1) and (6.2). In our experiments, the signal beam path
length was designed to be shorter than that of the reference. As a result, the
sidebands on the right represent the R*S and R*St terms. By taking the ratio of the
Fourier transforms of these two sidebands, the complex transmission t can be
obtained.
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Figure 6.2 (a) Example of typical measured transmission interferogram; (b) Inverse
Fourier transform of interferogram. Air interferogram (blue), and sample
interferogram (red).

6.3 Reflection measurement

The measurement of reflection coefficient (

) is stated as below.

A Michelson interferometer as shown in Figure 6.3 is used.

OSA

BS

Sample

Mirror
Figure 6.3 Schematic of the Michelson interferometer for reflection measurement.
BS: Beam splitter; OSA: Optical spectrum analyzer.
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The measured reflection interferograms from the mirror and the sample are
shown in Figure 6.4 (a), and can be expressed as
(6.3)
and
(6.4)
where ER and ER‟ are the reflection interferograms with the mirror and the sample,
respectively. m is the mirror reflection coefficient which is assumed to be unity.
Because the surfaces of mirror and metamaterial are not parallel, a fine tuning of the
mirror/metamaterial orientation is required for spectral holography measurement
which leads to a beam path length difference L that has to be taken into account.
The inverse Fourier transforms of the interferograms are shown in Figure 6.4 (b).
Following the same procedure as the transmission coefficient calculation,
the complex reflection coefficient can be obtained. However, instead of the
reflection coefficient r, what we measured is

. Note that the phase

difference between transmission and reflection in the off-resonance region is π/2
under the assumption that it is lossless and possesses time reversal symmetry. ΔL
can be calculated and was found to be around 8µm.
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Figure 6.4 (a) Example of typical measured reflection interferogram; (b) Inverse
Fourier transform of interferogram. Mirror interferogram (blue), and sample
interferogram (red).
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6.4 Results and conclusion

Measured results were compared with the simulation provided by Dr.
Werner‟s group at the Pennsylvania State University. The simulated and measured
transmission and reflection coefficients are shown in Figure 6.5 (a) and (b). Good
agreement was found between measurement and simulation other than a 0.05 μm
wavelength shift (from 1.55 to 1.5 μm) in the resonance that is most likely caused
by fabrication imperfections such as slight dimension mismatches. The measured
transmission amplitude is around 95% near the ZIM band, thus confirming good
impedance matching of the structure to free space, i.e. low reflection loss, as well as
low absorption loss. In the reflection measurement, minor differences can be
observed, especially around the phase bump between 1.5 and 1.55 μm. This is
mainly because of the lower signal to noise ratio of the measurement. However, this
difference does not affect the retrieval of the effective properties of the metamaterial
as seen in Figure 6.5 (c) and (d) where the effective refractive index and the
normalized effective impedance are displayed to show reasonably good agreement
with the theoretical predictions.
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Figure 6.5 Simulated and measured scattering properties of the ZIM validating
predicted zero index behavior of the metamaterial. a, b, Amplitude (a) and phase (b)
of the transmission (blue) and reflection (red) coefficients. Near-zero phase delay
with high transmission amplitude is observed at 1.55 µm and 1.5 µm for simulation
and measurement, respectively. c, d, Inverted effective index of refraction (c) and
normalized impedance (d). Real and imaginary parts are plotted in blue and red,
respectively. Both near-zero index of refraction and near-unity normalized effective
impedance with extremely small imaginary part at 1.5 µm were achieved as
predicted in simulation. (Theoretical curves and reconstruction of effective index of
refraction and impedance are provided by Dr. Werner‟s group.)

In this chapter, we applied spectral holography method to characterize a
free-standing, flexible (conformable) and polarization-insensitive zero-indexmaterial at optical wavelengths. The good agreement between experimental results

98
and theoretical predictions shows that spectral holography is a powerful method for
characterizing metamaterials.

CHAPTER 7.
CONCLUSION AND FUTURE WORK

7.1 Conclusion

This dissertation discussed the work of developing advanced nonlinear
imaging and spectroscopy. In particular, two-photon fluorescence microscopy,
coherent anti-Stokes Raman scattering (CARS) microscopy and spectroscopy,
optical

Kerr

gating

(OKG)

and

spectral

holography

for

metamaterial

characterization were investigated and results were given demonstrating the
viability of these nonlinear imaging techniques.
Two-photon fluorescence microscopy has become an important and widely
used technique for imaging samples and analyzing biological processes. However,
prior methods of two-photon fluorescence suffered from slow acquisition speeds.
Therefore, developing scanning techniques to improve the data acquisition speed of
two-photon excitation fluorescence scanning microscopy has always been of
interest. Previous works have successfully demonstrated improved lateral scanning
speed, but the axial scanning speed still remains an issue. The first part of this thesis
has developed a chromatic axial scanning technique which has the potential to
improve the imaging speed for two-photon fluorescence microscopy. By inserting a
large chromatic aberration element (i.e. Fresnel lens) into system, axial scanning is
successfully achieved through wavelength tuning.

In our proof-of-concept
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experiment, wavelength tuning is realized by mechanically moving a slit. It is worth
mentioning that by applying a high speed tunable filter e.g. [53] or a fast tunable
pulsed laser source e.g. [54], this technique has the potential to significantly
improve the axial scanning speed of two-photon fluorescence scanning microscopy,
which opens the possibility for observing and recording fast dynamic processes.
Even though fluorescence microscopy has proved to be a powerful
nonlinear imaging technique, the labeling requirement has restricted its applications
because of the limited availability of fluorophores, the labeling contamination, and
also the occurrence of photo-bleaching. Coherent anti-Stokes Raman scattering
(CARS), on the other hand, is a relatively new technique that has attracted lots of
research interest due to chemical selective imaging capability without the need for
invasive labeling. The CARS signal is representative of the molecular specific
vibrational modes, analogous to finger prints of the different species. Furthermore,
CARS can potentially improve sensitivity by five orders of magnitudes [14]
compared to spontaneous Raman by detecting the resonantly enhanced signal. For
spectroscopy applications, light sources with large bandwidths are needed to excite
molecular vibrational modes in a broad band simultaneously. Supercontinuum
generated from PCF or fiber taper has been used to realize multiplex CARS
covering a broad wave number range (e.g., up to about 3000 cm-1) [17-21]. Most of
these previously demonstrated works are focused on experimental study. It is
necessary to develop theoretical understanding and gain insight into the effect of the
complex supercontinuum pulse profile on CARS excitation for optimization of the
process. Theoretical investigation on the supercontinuum excitation process and
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results in this dissertation indicate that it‟s important to optimize the temporal
overlapping of the solitons of a supercontinuum to excite molecular vibration over a
broader frequency range. Furthermore, by applying the cross-correlation frequency
resolved optical gating (XFROG) technique to the digitally truncated time-resolved
CARS spectrogram, a background-free CARS measurement with spectral resolution
much better than probe beam is demonstrated. This work is useful for optimizing
supercontinuum impulsively excited CARS, which finds important applications in
sensing and imaging.
One of the major challenges for supercontinuum impulsively excited CARS
is the existence of the background which greatly limits the sensitivity of the
measurement. Time-resolved techniques are known to work well in removing the
non-resonant background and improving signal to noise ratio and are utilized to
improve image quality of the CARS measurement. The four wave mixing
background generated by supercontinuum is previously suppressed by a polarization
discrimination method [21, 23]. However, because of the orthogonal polarization
arrangement between excitation and probe beam, the CARS signal is significantly
reduced. An alternative way to eliminate the four-wave mixing background
produced by supercontinuum only is through optical Kerr gating (OKG). In this
thesis, an ultrafast OKG is developed by co-propagating a pump beam and a weak
signal beam in a nonlinear photonic crystal fiber. By using femtosecond pump
pulses with only a few milliwatts of average power, ultrafast OKG with high
efficiency is demonstrated in PCF with only several centimeters length.
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CARS microscopy is an imaging technique based on the spectroscopic
contrast of the CARS signal. Conventional CARS microscopy requires scanning
which dramatically limits its imaging speed. In this dissertation, we presented a new
technique called holographic CARS which combines the unique capabilities of both
CARS and holography. By recording a hologram formed by interference between
resonant CARS signal and four wave mixing signal generated in a nonlinear
medium, three – dimensional chemically selective imaging within a single laser
pulse duration is demonstrated. Since a CARS hologram can be recorded in a single
shot, it opens the possibility of three-dimensional imaging of fast dynamical
phenomena at laser pulse-width limited speed.
The robust holographic signal processing technique has not only been used
in spatial domain to realize three – dimensional imaging, it has also been applied to
the spectral domain to characterize metamaterials. In this thesis, spectral holography
method is utilized to characterize a free-standing zero-index optical metamaterial.
By recording a spectral hologram, the complex transmission and reflection
coefficients of a metamaterial are obtained. The good agreement between
experimental results and theoretical prediction demonstrates spectral holography as
a powerful technique for characterizing metamaterials.

7.2 Future work

Potential future improvements of the presented work are discussed in this section.
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1) Holographic CARS with three-dimensional chemical selective imaging
capability is demonstrated in this thesis work. In order for holographic CARS to
become a powerful tool for imaging real biological samples and processes,
better image quality is preferred. Wide-field CARS imaging with higher signal
to noise ratio and better spatial resolution has been previously achieved by a
dark-field illumination scheme [138]. This technique utilizes a non-phase
matching geometry to prevent signal being generated in homogeneous bulk
medium. A similar arrangement can be utilized to improve the image quality of
off-axis holographic CARS. The schematic diagram of dark-field holographic
CARS is shown in Figure 7.1 in which pump/probe and Stokes beam incident
with 70o and 60o respectively. Due to the large incident angles, objective lens
with larger numerical aperture (e.g. 50X long-working-distance objective lens,
NA: 0.55, focal length: 4 mm) can be utilized to collect FWM/CARS signal
without being damaged by the powerful incident beams, which leads to a better
spatial resolution for this technique.
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Sample

CARS/FWM
Reference

Hologram

Figure 7.1 Schematic diagram illustrating the principle of dark-field
holographic CARS

2) CARS microscopy has found lots of exciting applications in the fields of
biological and medical imaging. It has been used to investigate the changes in
lipid Metabolites caused by hepatitis C virus [139]; study drug delivery for
controlling drug release kinetics [140]; image lipids in cancer metastasis to
understand cancer development [141]. In this dissertation, holographic CARS
has been proved as a powerful method for fast three-dimensional chemical
selective imaging technique. To further show the capability of this technique, it
is important to image true biological sample. Some preliminary work has been
done to image HeLa cells by my research group colleagues Dr. Kebin Shi and
Perry Edwards and myself. Figure 7.2 shows the recorded hologram and
reconstructed CARS field of mitochondria clusters in Hela cell. The results

105
have shown CARS holography can realize 3-D chemically selective cell
imaging. It is important to further improve the signal-to-noise ratio of the
measurement. Furthermore, lipid chemical tracking is important for analyzing
lots of interesting biological processes [139], it will be interesting to image
lipids in biological samples.
(a)

(a)

(b)

Figure 7.2 Holographic CARS imaging of Hela cells. (a) a typical recorded
CARS hologram; (b) the reconstructed CARS field.

3) In this thesis, spectral holography has proved to be a powerful method for
characterizing optical zero-indexed material (ZIM) with a free-standing
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configuration. It is theoretically demonstrated that a substrate can break the
symmetry of matematerial structure and induce bianisotropy [142]. My group
colleague Ding Ma and I have started to characterize ZIM sample with substrate
provided by Dr. Theresa Mayer‟s group at the Pennsylvania State University.
Some preliminary results have been collected. The results were relatively noisy
compared to those obtained with free-standing ZIM sample. Multiple sidebands
were observed in the Fourier tansform of interferogram which may caused by
multiple reflections within the sample. A measurement with better signal-tonoise ratio is therefore needed. An optimized delay between signal and
reference beam may help to improve the signal-to-noise ratio of the
measurement.
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