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ABSTRACT
Raman scattering spectroscopy is extensively demonstrated as a label-free,
chemically selective sensing and imaging technique for a multitude of chemical and
biological applications. The ability to detect "fingerprint" spectral signatures of
individual molecules, without the need to introduce chemical labelers, makes Raman
scattering a powerful sensing technique. However, spectroscopy based on spontaneous
Raman scattering traditionally suffers from inherently weak signals due to small Raman
scattering cross-sections. Thus, considerable efforts have been put forth to find pathways
towards enhancing Raman signals to bolster sensitivity for detecting small concentrations
of molecules or particles. The development of coherent Raman techniques that can offer
orders of magnitude increase in signal have garnered significant interest in recent years
for their application in imaging; such techniques include coherent anti-Stokes Raman
scattering and stimulated Raman scattering. Additionally, methods to enhance the local
field of either the pump or generated Raman signal, such as through surface enhanced
Raman scattering, have been investigated for their orders of magnitude improvement in
sensitivity and single molecule sensing capability.
The work presented in this dissertation describes novel techniques for performing
high speed and highly sensitive Raman imaging as well as sensing applications towards
bioimaging and biosensing. Coherent anti-Stokes Raman scattering (CARS) is combined
with holography to enable recording of high-speed (single laser shot), wide field CARS
holograms which can be used to reconstruct the both the amplitude and the phase of the
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anti-Stokes field therefore allowing 3D imaging. This dissertation explores CARS
holography as a viable label-free bio-imaging technique.
A Raman scattering particle sensing system is also developed that utilizes wave
guide properties of optical fibers and ring-resonators to perform enhanced particle
sensing. Resonator-enhanced particle sensing is experimentally examined as a new
method for enhancing Raman scattering from particles interacting with circulating optical
fields within both a fiber ring-cavity and whispering gallery mode microtoroid
microresonators.
The achievements described in this dissertation include: (1) Demonstration of the
bio-imaging capability of CARS holography by recording of CARS holograms of
subcellular components in live cancer (HeLa) cells. (2) Label-free Raman microparticle
sensing using a tapered optical fibers. A tapered fiber can guide light to particles
adsorbed on the surface of the taper to generate scattered Raman signal which can be
collected by a microRaman detection system. (3) Demonstration of the proof of concept
of resonator-enhanced Raman spectroscopy in a fiber ring resonator consisting of a
section of fiber taper. (4) A method for locking the pump laser to the resonate frequencies
of a resonator. This is demonstrated using a fiber ring resonator and microtoroid
microresonators. (5) Raman scattered signal from particles adhered to microtoroid
microresonators is acquired using 5 seconds of signal integration time and with the pump
laser locked to a cavity resonance. (6) Theoretical analysis is performed that indicates
resonator-enhanced Raman scattering from microparticles adhered to microresonators can
be achieved with the pump laser locked to the frequency of a high-Q cavity resonant
mode.

v

TABLE OF CONTENTS
LIST OF FIGURES ................................................................................................................. vii
ACKNOWLEDGEMENTS ..................................................................................................... xii
Chapter 1 Introduction ............................................................................................................ 1
1.1 Hypothesis of the research endeavors ........................................................................ 6
1.2 Research Accomplishments ....................................................................................... 7
Chapter 2 Raman scattering: Review and Motivation for Enhancement ................................ 9
2.1 Introduction ................................................................................................................ 9
2.2 Review of spontaneous Raman scattering.................................................................. 11
2.2.1 Classical model ............................................................................................... 12
2.2.1 Raman scattering cross-section ....................................................................... 16
2.3 Review of approaches to enhance Raman scattering ................................................. 17
2.3.1 Coherent Raman Scattering ............................................................................. 17
2.3.2 Surface enhanced Raman Scattering ............................................................... 19
2.4 Coherent anti-Stokes Raman scattering ..................................................................... 20
2.4.1 Introduction to CARS...................................................................................... 20
2.4.2 CARS Theory .................................................................................................. 21
Chapter 3 Holographic Coherent Anti-Stokes Raman Scattering Bio-imaging ...................... 26
3.1 Introduction ................................................................................................................ 26
3.1.1 Motivation for CARS Holography .................................................................. 27
3.2 Introduction to digital holography ............................................................................. 29
3.2.1 Limitation of in-line holography ..................................................................... 29
3.2.2 Digital holographic reconstruction .................................................................. 30
3.3 Theoretical analysis of CARS holography ................................................................. 32
3.3.1 Analogy between CARS and holography ....................................................... 32
3.3.1 Evolution of the anti-Stokes signal ................................................................. 33
3.3.3 Discussion of digital focusing and the relation to 3D imaging ....................... 35
3.4 Review of the implementations of CARS holography ............................................... 36
3.4.1 In-line CARS holography................................................................................ 37
3.4.2 Off-axis CARS holography ............................................................................. 39
3.5 Demonstration of CARS bio-imaging ........................................................................ 42
3.5.1 Experimental setup .......................................................................................... 42
3.5.2 Biological Sample Preparation ........................................................................ 43
3.5.3 Chemical selectivity ........................................................................................ 44
3.5.4 Three-dimensional Imaging ............................................................................ 45
3.6 Summary .................................................................................................................... 50
Chapter 4 Fiber Taper Based Raman Spectroscopy................................................................ 52
4.1 Introduction ................................................................................................................ 52
4.1.1 Fiber taper based spectroscopy........................................................................ 53
4.2 Fabricating fiber tapers .............................................................................................. 55

vi
4.2.1 Adiabatic tapering process .............................................................................. 55
4.2.2 Hydrogen torch tapering.................................................................................. 56
4.3 Experimental Setup .................................................................................................... 60
4.3.1 Raman detection system .................................................................................. 60
4.3.2 Particle placement ........................................................................................... 61
4.4 Experimental results and discussion .......................................................................... 63
4.4.1 Wavelength tuning .......................................................................................... 64
4.4.2 Chemical selectivity ........................................................................................ 66
4.4.3 Presence of strong background in measurements............................................ 67
4.5 Fiber ring-cavity enhanced Raman spectroscopy....................................................... 70
4.5.1 Experimental results ........................................................................................ 70
4.5.2 Theoretical analysis of a fiber ring-cavity ....................................................... 73
4.6 Conclusion ................................................................................................................. 75
Chapter 5 Microresonators as Platforms for Implementing Raman Spectroscopy ................. 77
5.1 Introduction ................................................................................................................ 77
5.2 Whispering Gallery Mode Microresonators ............................................................... 78
5.2.1 Quality factor................................................................................................... 80
5.2.2 Coupling to microresonators ........................................................................... 81
5.2.3 Microtoroid resonators .................................................................................... 82
5.3 WGM microresonator based sensing ................................................................. 85
5.4 Raman scattering particle sensing using WGM microresonators .............................. 86
5.4.1 Introduction ..................................................................................................... 86
5.4.2 Cavity Buildup ................................................................................................ 88
Chapter 6 Experimental Investigation of ................................................................................ 90
Resonator-Enhanced Raman Spectroscopy ............................................................................. 90
6.1 Introduction ................................................................................................................ 90
6.2 Experimental Setup .................................................................................................... 90
6.2.1 Imaging and Raman signal collection system ................................................. 91
6.2.2 Tunable laser system ....................................................................................... 94
6.2.3 Wavelength locking......................................................................................... 98
6.2.4 Placement of particles on microresonators ...................................................... 101
6.3 Experimental results ................................................................................................... 102
6.4 Discussion and Summary ........................................................................................... 108
Chapter 7 Conclusions and Future Work ................................................................................ 111
7.1 Conclusions ................................................................................................................ 111
7.2 Future Work ............................................................................................................... 113
REFERENCES ........................................................................................................................ 117

vii

LIST OF FIGURES
Figure 2-1 Energy diagrams for Rayleigh and Raman scattering mechanisms. ..................... 13
Figure 2-2 Energy diagram for coherent anti-Stokes Raman scattering. ................................ 23
Figure 3-1 Comparison between inline and off-axis CARS holography; (a) schematic
diagram of in-line CARS holography is shown with a co-propagating reference
beam generated by a nonlinear medium placed in front of the sample, (b) off-axis
CARS holography is shown with separately generated reference beam (Figure 3-1a
adapted from [Xu et al.2010], and Figure 3-1b from [Shi et al.2010])............................ 37
Figure 3-2 Experimental setup of CARS holography. The fundamental beam with
angular frequency of ωp from a nanosecond laser was used as the pump and the
probe for generating CARS/FWM signal: (a) frequency-doubled laser beam (2ωp) is
used to pump the OPO to produce an idler beam at ωs,which is utilized as the Stokes,
and a signal beam at 2ωp-ωs, which is used as the reference, for recording CARS
holograms. Note that the frequency of the reference beam automatically matches
that of the CARS or FWM signal as the Stokes wavelength is tuned. (b) a
representation of a typical recorded hologram is shown, in this case from index oil.
The interference fringes are highly visible in the recorded hologram at a diagonal to
the image and, (c) a schematic of a prepared sample shows the sample solution is
sandwiched between two glass micro-slides (Figure adopted from [Edwards et al.
2012]). .............................................................................................................................. 40
Figure 3-3 Comparison between signal generation in the process of optical parametric
oscillation and CARS. When the OPO and CARS generation share the same
fundamental pump laser, the anti-Stokes signal is frequency-matched to the signal
output of the OPO (ωas =2ωp-ωs). Figure adopted from [Edwards et al. 2012]. .............. 41
Figure 3-4 Experimental setup of CARS holography. The fundamental beam with
angular frequency of  p from the nanosecond laser was used as the pump and the
probe for generating CARS or four wave mixing (FWM) signal. The frequencydoubled laser beam ( 2p ) was used to pump the OPO to produce an idler beam at

s which was utilized as the Stokes, and a signal beam at 2 p   s which was used
as the reference for recording CARS holograms. Note that the frequency of the
reference beam automatically matches that of the CARS or FWM signal as the
Stokes wavelength is tuned. Phase delay lines are represented by τ1 and τ2. (Figure
adopted from [Shi et al. 2012]). ....................................................................................... 43
Figure 3-5 Wide-field CARS images of HeLa cells around the resonant mode at 2913
cm-1 recorded by tuning the Stokes wavelength [Shi et al. 2012]. ................................... 45

viii
Figure 3-6 Holographic CARS reconstruction process: (a) a typical CARS hologram
recorded with a single-shot exposure of a pair of pump and Stokes pulses (~ 5 ns),
(b) two-dimensional digital Fourier transform of the hologram with the two side
bands, the top left corresponding to the selected term for digital propagation, the
central part represents the DC component of the recorded hologram and is digitally
filtered, (c) digitally filtered side band, (d) reconstructed intensity distribution
[Edwards et al. 2012]. ...................................................................................................... 46
Figure 3-7 3D CARS holographic imaging of live HeLa cells: (a) a recorded CARS
hologram, (b) reconstructed field amplitude, (c) reconstructed phase, (d) micrograph
of the three HeLa cells which were imaged, (e)-(h) a sequence of reconstructed
CARS images at different depth positions in the sample volume, where the subcellular components are at different depth levels and can be brought into focus
sequentially [Shi et al. 2012]. .......................................................................................... 48
Figure 3-8 Three-dimensional CARS holographic imaging of live HeLa cells: (a) and (e)
bright field images of HeLa cells, (b-d) and (f-g) digital propagation of the CARS
field reconstructed from recorded CARS holograms of each of the HeLa cell
samples at -10 µm, 0 µm, and +10 µm, respectively [Edwards et al. 2012].................... 49
Figure 3-9 Comparison of holographic CARS imaging (upper) and wide-field CARS
imaging (bottom, with manual focusing) of HeLa cells at different depth positions
(z: relative positions) demonstrating the equivalence of digital and analogue
focusing: (a)-(e) a series of holographically reconstructed CARS images of HeLa
cells at different depth positions by using digital propagation, (f)-(j) the
corresponding manually focused wide-field CARS images. Multiple-shot exposure
was employed in the wide-field imaging scheme to increase the signal strength while
single shot exposure was used in CARS holography [Shi et al. 2012]. ........................... 50
Figure 4-1 Diagram of a fiber taper used in spectroscopic particle sensing. .......................... 52
Figure 4-2 Adiabatic tapering ensures guidance of coupled laser light across the taper. ....... 56
Figure 4-3 Diagram of the optical fiber tapering setup. A fiber (with polymer coating
stripped/cleaned) is placed in two fiber clamps attached to independent computer
controlled pulling stages. A laser source is coupled to one end of the fiber while the
output end is coupled to a photodiode for transmission monitoring. A hydrogen torch
with a gentle flame is moved into position to heat the fiber while the stages draw the
fiber in opposite directions. In addition to monitoring the transmission, the tapering
process is monitored by an imaging system. .................................................................... 58
Figure 4-4 Photo of the fiber tapering stage, hydrogen torch, and imaging system. .............. 59
Figure 4-5 Time elapsed transmission measurement from the output of a single mode
fiber as it is tapered down to approximate 1 µm in diameter. Interference from
multimode operation during the core-cladding merging is observed during the
middle portion of the pull. When single mode operation returns, the tapering process
is manually stopped. ......................................................................................................... 59

ix
Figure 4-6 Schematic diagram of the experimental setup where scattered signal from a
particle attached to a fiber taper is collected by a long working distance objective
and analyzed by a spectrometer. ...................................................................................... 61
Figure 4-7 Method for selecting particles and placement onto a fiber taper. First, a sharp
tapered fiber probe is used to collect several dry microspheres on its surface. Then
the probe is positioned on a three dimensional stage for precision guidance and
delivery of microspheres to the fiber taper. ..................................................................... 62
Figure 4-8 Series of images demonstrating single and multiple particle delivery. In (a), a
10-um microsphere is attached to a fiber probe and moved nearby a fiber taper; (b)
the 10-um microsphere is attached to the fiber taper and held in place by
electrostatic forces; (c) a 2-um PS sphere is attached to a fiber taper; (d) several
microspheres delivered to a fiber taper. ........................................................................... 63
Figure 4-9 (a) Spectra obtained for a 10 µm PMMA sphere adhered to a fiber taper. The
wavelength of the pump laser is tuned from 755-778 nm to demonstrate the presence
of the Raman signal. (b) intensity scaled portion of (a). .................................................. 65
Figure 4-10 (a) Raman spectra obtained for a 1 μm polystyrene microsphere attached to a
fiber taper. In (b), spectra is shown for a 1 μm PMMA microsphere attached to a
fiber taper (curves shifted by 200 a.u.). ........................................................................... 66
Figure 4-11 Raman spectra obtained for 1 μm PS (red) and 1 μm PMMA (black)
microspheres attached to a fiber taper and aligned according to Raman shift (curves
shifted by 500 a.u.). .......................................................................................................... 67
Figure 4-12 Raman spectra obtained, (a) a 2-μm PS microsphere while shifting the pump
wavelength from 766.2 nm (red) to 773.8 nm (blue) with a 900 nm long pass filter in
the system. The overlapping black curves for each wavelength position were
captured by switching to a shorter long pass filter (810 nm) to demonstrate the
existence of the silica Raman background. The PS Raman peaks are labeled with
their observed Raman shifts. ............................................................................................ 69
Figure 4-13 Figure adopted from Stolen et al. [1984] - Raman spectra of silica obtained
from laser propagation through a single mode optical fiber. ........................................... 69
Figure 4-14 Schematic of fiber ring resonator and wavelength locking setup. The fiber
ring resonator is composed of a 50/50 fiber coupler, the fiber taper, and a
polarization controller. ..................................................................................................... 72
Figure 4-15 Comparison of locking (red) and unlocked transmission time-series plots
(blue). The unlocked time-series was acquired while wavelength scanning. .................. 72
Figure 4-16 Comparison of Raman spectra is shown for a 2 µm PS sphere attached to a
fiber taper for the cases of wavelength locking (black), laser wavelength constantly
scanning in the cavity configuration (blue) and taper only excitation (red). Each
spectra was recorded using 2.75 mW input power and 30 second integration times. ...... 73

x
Figure 4-17 Simulation of fiber ring cavity using parameters similar to experimental ring
cavity. ............................................................................................................................... 74
Figure 5-1 Diagrams of a whispering gallery mode traversing a resonator using rayoptics (left) and EM field theory (right). .......................................................................... 78
Figure 5-2 Common types of whispering gallery mode microresonators - microsphere,
microdisk, and microtoroid. ............................................................................................. 79
Figure 5-3 Images of microtoroid resonators. Left, an SEM image of microtoroid. Right,
a bright field microscope image of a microtoroid with a fiber taper out of focus in
the foreground. ................................................................................................................. 83
Figure 5-4 SEM image showing a line of several microtoroid resonators fabricated on a
single chip. ....................................................................................................................... 84
Figure 5-5 Diagram explaining configuration of a microtoroid. The major diameter spans
the entire width of the top disk while the minor diameter corresponds to the
cylindrical shape (toroid) circling the disk....................................................................... 84
Figure 6-1 Schematic diagram of the experimental setup (similar to setup described in
Chapter 4) for collecting scattered signal from particles adhered to microtoroids. The
fiber taper is coupled to a tunable diode laser and transmission is monitored for
monitoring toroid modes and for wavelength locking. .................................................... 92
Figure 6-2 Photo of the microRaman collection system. (a) signal path to spectrometer,
(b) beam direction and long pass filter assembly, (c) tube to vertical imaging camera,
(d) in-line LED illuminator, (e) laser alignment port, (f) signal collection objective
lens, (g) fiber taper rig, (h) three-dimensional stage for particle delivery, (i) threedimensional precision positioning stage for adjusting taper-toroid coupling. ................. 93
Figure 6-3 A closer view of the fiber taper and the microtoroid chip being positioned for
coupling............................................................................................................................ 94
Figure 6-4 Photo of the tunable ECDL laser system. The tunable diode laser output beam
is directed via two mirrors through a half-wave-plate and Faraday isolator to
eliminate back reflections that may interrupt operation of the laser. The beam is then
fiber coupled by focusing through an objective lens. A sound isolating cover
normally is placed over the ECDL laser. ......................................................................... 96
Figure 6-5 Photo of hardware controls for microresonator sensing. Please excuse the
untidiness of the BNC cables interconnecting the devices. (a) Monitor for viewing
microtoroid, (b) laser controllers and piezo voltage controllers, (c) oscilloscope for
monitoring modal coupling, (d) lock-in amplifier, (e) control switches, (f) function
generators, (g) computer for acquiring data and implementing computer controlled
wavelength locking. ......................................................................................................... 99

xi
Figure 6-6 Flow chart of the hardware used to perform wavelength locking. The control
switches allow for manual switching from wavelength scanning to computer
controlled wavelength locking. ........................................................................................ 100
Figure 6-7 Schematic diagram illustrating wavelength locking to resonant mode. The
laser is first scanned to find a resonant mode, then wavelength locking is activated to
track the resonant mode as it drifts due to microtoroid thermal oscillations and
environmental instability of the coupling. The wavelength locking system maintains
coupling to a resonant mode such that a maximum in energy transfer to the
microtoroid is achieved (minimum transmission observed from fiber taper output). ...... 100
Figure 6-8 Diagram demonstrates the positioning of a particle on a microtoroid. Signal
collection is from the top of the figure. Experiments determined that for the larger
microspheres (down to 1-µm dia.) positioning on the side of the microtoroid allowed
for most desirable signal collection and suppression of the silica Raman background. .. 101
Figure 6-9 Image shows particle attachment to a microtoroid. A single 1-µm polystrene
microsphere is adhered to the side wall off the toroid via delivery from a tapered
probe. The toroid in the image is approximately 35 µm in diameter. .............................. 102
Figure 6-10 (a) Raman spectra for a 2-µm polystyrene microsphere attached to a
microtoroid. The pump wavelength is moved between two toroid resonant modes at
759 and 766 nm (300 sec and 180 sec integration times, respectively) . The inset
demonstrates the characteristic Raman peak for polystyrene is independent of the
pump wavelength. In (b), wavelength locking is activated significantly reducing the
integration time required to observe Raman signal (30 sec). ........................................... 103
Figure 6-11 In (a), a microtoroid mode is shown for down-scan (negative frequencies)
and up-scan (positive frequencies) of the pump wavelength and in (b), the same
modes after a 1-µm polystyrene microsphere is placed on the microtoroid. ................... 105
Figure 6-12 Raman spectra obtained from a 30 second integration (5 mW coupled pump
laser) of signal from a 1-µm polystyrene sphere placed on a mictrotoroid. The plot in
(b) shows a zoomed in portion of (a), where the characteristic Raman peaks for
polystyrene are easily observed. Pump laser locked at 761.6 nm. ................................... 107
Figure 6-13 Raman spectra obtained from a 5 second integration (5 mW coupled pump
laser) of signal from a 1-µm polystyrene sphere placed on a mictrotoroid. Three
separate data sets are overlaid to demonstrate repeatability of signal collection. The
plot in (b) shows a zoomed in portion of (a), where the characteristic Raman peaks
for polystyrene are observed near 3060 cm-1. Pump laser locked at 761.6 nm. ............... 107
Figure 6-14 Raman spectra obtained from a 2 second integration (5 mW coupled pump
laser) of signal from a 1-µm polystyrene sphere placed on a mictrotoroid. The arrow
indicates on each spectra where the characteristic 3060 cm-1 Raman peak of
polystyrene is located. The Raman peak is difficult to discern from the background
at this short of integration time. The pump laser was locked at 761.6 nm. ...................... 108

xii

ACKNOWLEDGEMENTS
I sincerely thank my adviser Dr. Zhiwen Liu, for giving me such a wonderful
opportunity to be a part of his research group and helping me achieve my scholarly goals.
I am grateful for the experience of having him as my mentor - I could not have asked for
better guidance and support throughout my Ph.D. years and his knowledge of and passion
for the field of optics is truly inspirational. Now more than just my mentor, I consider
him a great friend, and I look forward to working together on future endeavors.
I also would like to acknowledge and thank my committee members for assisting
me through the Ph.D. process. Especially, I would like to thank Dr. Philbrick, for his
continued support and guidance from afar.
I would like to thank the entire Ultrafast and Nonlinear Optics group at Penn
State. Much appreciation goes to my past and present lab mates - Kebin Shi, Qian Xu,
Haifeng Li, Chuan Yang, Nikhil Mehta, Ding Ma, and Corey Janisch for all the support
during research efforts and for all the good times in and outside of the lab. A special
thanks goes to Kebin for taking me under his wing during those crucial early
development years as a young Ph.D. candidate.
I certainly need to thank our collaborators on the research efforts described in this
work. Thank you to Dr. Yanming Wang of Biochemistry and Molecular Biology at Penn
State, along with his student Jing Hu for useful discussions and their preparation of the
samples described in Chapter 3. Thank you to Dr. Lan Yang and her research lab at the
University of Washington in St. Louis, in particular her students Jiangang Zhu, Bo Peng,

xiii

and Lina He for their support and preparation of microtoroid samples described in
Chapter 5.
Last, but most certainly not least, I must thank my family for their endearing
support of me and my scholarly ambitions. My parents, thank you for always being there
for me, your everlasting encouragement, and your willingness to do anything to help me
along the way. Thank you to my brother for invaluable support while at and away from
Penn State. My in-laws, who truly have become my second family, thank you for your
unwavering support of all my goals throughout the years. Thank you to my wife, my
championing companion through this venture, for being my rock, for all your
encouragement, your understanding of my ever changing schedule, and most of all giving
my life more meaning than I knew possible.

Chapter 1

Introduction
Now, 85 years after its discovery, Raman scattering surely is no longer just a
“new secondary source of radiation” [Raman and Krishnan, 1928]. Today, Raman
scattering is exploited in sensing applications for its chemical sensitivity in ways C.V.
Raman and K.S. Krishnan could never have dreamed. The Raman effect [Raman and
Krishnan 1928, Raman and Krishnan 1929] has been extensively employed as a method
for detection, identification, and analysis of materials for use in many areas of science
and engineering and has been used in a number of applications, such as atmospheric
detection, pollution sensing, explosives detection, pharmaceuticals analysis, bio-medical
and bio-chemical detection to name a few (see reviews - [Gardiner and Graves 1989,
Lewis and Edwards 2001]). These applications of Raman scattering owe their existence
to the development and advancement of the field of spectroscopy, and primarily, to the
development of the laser (see review - [Hecht, 2010]) - which single handedly
transformed the field of optics and enabled new methods for performing laser based
spectroscopy using Raman scattering.
Modern optical spectroscopy can be traced to observations in the early 1800s by
an English chemist and inventor, William Hyde Wollaston and a German optician and
inventor, Joseph von Fraunhofer. Fraunhofer conducted a series of experiments
separating the colors of sun light by using prisms and later diffraction gratings, which led
to his invention in 1814 of the spectroscope [Fraunhofer, 1817]. Using the spectroscope,
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Fraunhofer observed hundreds of distinct dark absorption lines overlaying the
characteristic Planck emission of the solar spectrum. Fraunhofer is generally credited
with quantifying colors by a wavelength scale, however Wollaston earlier had also made
similar observations [Wollaston, 1802]. The understanding of the origins of these spectral
lines was relatively undetermined until 1859, when the work of Gustav Robert Kirchoff
and Robert Wilhelm Bunsen showed that chemical vapors emitted by substances burned
over a high-temperature torch created specific spectral signatures in a spectroscope, while
light passing through a cooler flame replaced those signatures with dark lines. Kirchoff
and Bunsen therefore were able to postulate the observed phenomena represented
emission and absorption spectra of the gases, which were specific to the particular gases'
chemical composition. Kirchoff concluded that Fraunhofer's prior observations of the
solar spectrum meant that the sun consists mainly of a hot, gaseous mixture of hydrogen
and helium.
While the existence of spectroscopy has its' roots in the study of absorption or
emission of radiation, the interaction between radiation and matter can also be probed by
spectroscopic detection of radiation scattering. Optical scattering, in particular, involves
scattering of radiation with ultraviolet (UV), visible (VIS), and infrared (IR) wavelengths,
and it is demonstrated in a wide range of applications for chemical sensing due in part to
the ability to probe and detect scattered radiation often without physical contact with a
sample or species of interest. Scattered radiation may originate from elastic scattering of
the incident photons by molecules to produce Rayleigh scattering [Young 1981]), or
more generally Mie scattering [Mie 1908] for large particles (d>>λ). Inelastic scattering,
on the other hand, can occur when incident photons exchange energy with molecular
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vibrations (e.g. Raman scattering [Long 2001]). In comparison to the incident radiation
frequency, the Raman scattered radiation will either be red-shifted (Stokes) or blue
shifted (anti-Stokes). The frequency difference between the Raman shifted photons and
the incident photons corresponds to a vibrational and/or rotational frequency which is
intrinsic to the bond structure of the scattering molecule. When spectroscopy is
performed on the Raman signal, the detected spectral lines act as a vibrational
"fingerprint" for the excited molecule.
Of the two types of scattering processes, Rayleigh scattering is the dominant
mechanism for scattering, as the majority of photons undergo elastic scattering due to
significantly larger Rayleigh scattering cross-sections compared to typical Raman
scattering cross-sections. Until the 1960s, this small cross-section posed an issue as
powerful light sources (C.V. Raman tightly focused sunlight using a large-aperture
telescope) were required and detection hardware lacked the sensitivity to efficiently
detect the weak Raman signal. However, shortly after Theodore Maiman proposed and
demonstrated the ruby laser [Maiman, 1960], Raman spectroscopy was recognized as a
vastly simpler method for Raman excitation, enabled by the bolstering of sensitivity by
use of laser excitation.
Conventional Raman spectroscopy involves laser excitation of molecular rotations
and vibrations and exploits the creation of the blue- or red-shifted photons for detection
in performing chemical analysis. However, there still exist two serious limitations that
plague Raman spectroscopy. First, there is the poor efficiency of the Raman effect, as
only a small percentage of the incident laser photons are converted to Raman signal.
Second, the much more efficient generation of fluorescence, which can exhibit a quantum
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yield close to unity for certain molecular systems, can swamp the weak Raman signal.
Near-infrared excitation can suppress the fluorescence, however the weak generation of
Raman signal is a persisting issue.
Considerable activity has therefore been put forth on advancing coherent Raman
techniques. Coherent Raman spectroscopy is often more sensitive than conventional
Raman spectroscopy and several techniques can discriminate effectively against
fluorescence. In particular, coherent Raman techniques that can offer orders of magnitude
increase in Raman signal have garnered significant interest in recent years. Some
examples include coherent anti-Stokes Raman scattering (CARS), Raman induced Kerr
effect (RIKE) [Heiman et al. 1976], and stimulated Raman scattering (SRS) [Eckhardt et
al. 1962, Hellwarth et al. 1963], resonance Raman scattering [Clark and Dines 1986];
many other methods also exist. Of these techniques, CARS has emerged as one of the
most powerful nonlinear Raman techniques due in part to its’ newly generated signal at
shorter wavelengths completely free of one-photon fluorescence and increased sensitivity
to molecular density (CARS signal ~ N2). Furthermore, the coherency of the signal
allows the CARS signal to be more efficiently collected, when compared to spontaneous
Raman scattering.
The developments of coherent Raman spectroscopy methods have also opened the
door for exciting new opportunities in chemical imaging. The vibrational spectroscopic
contrast can provide label-free chemical specificity to the observed spatial distribution of
image structures, as opposed to standard contrast imaging based on diffuse scattering or
material refractive index changes that provide limited chemical selectivity. Raman
spectroscopy based imaging also overcomes the requirement of fluorophore labeling in
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fluorescence imaging. However, methods using Raman scattering as the image contrast
face the same issues of Raman spectroscopy; long exposure times are required for
sufficient signal thus requiring lengthy image acquisition times. Coherent Raman
imaging methods, with much more efficient signal generation, can decrease image
acquisition times from hours to seconds. For example, the video-rate CARS and SRS
imaging was demonstrated for in vivo imaging [Evans et al. 2005, Saar et al. 2010].
This dissertation focuses on development of techniques for performing high-speed
and highly sensitive Raman imaging and sensing, that can overcome many of the
limitations of current techniques, in particular for applications in bio-imaging and biosensing.
In Chapter 3, Coherent anti-Stokes Raman scattering (CARS) is combined with
holography to enabled recording of high-speed (single laser shot), wide field CARS
holograms which are used to reconstruct the full three-dimensional CARS field. This
dissertation explores CARS holography as a viable label-free bio-imaging technique.
Chapters 4-6 discuss the development of a Raman scattering particle sensing
system which utilizes wave guide properties of optical fibers and ring-resonators to
perform enhanced particle sensing. Resonator-based sensing has garnered significant
interest in recent years, in particular, highly sensitive particle detection for applications in
biomedicine, pollution sensing, and national security. Resonators have shown promise for
sensitive single particle and molecule detection by exploiting interaction with the strong,
circulating resonator modes. Several resonator-based sensing techniques have
demonstrated capability for extremely sensitive, label-free biochemical sensing; however,
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they rely on indirect observations of changes in the resonant cavity modes due to
interactions with the particle.
Chapters 5 and 6 in particular explore cavity-enhanced Raman spectroscopy as a
new paradigm for resonator-based particle detection that utilizes Raman scattering to
provide intrinsic molecular-specific detection. In this work, scattered Raman signals are
collected from particles adhered to a ring-cavity, which is resonantly pumped by a
tunable laser. The circulating pump photons within the cavity can be used to enhance
interaction with the adhered particle, leading to an increase in the collected Raman signal.
Raman spectroscopy results from particles adhered to an all-fiber ring-cavity and high-Q
microtoroid cavities are demonstrated. This dissertation investigates resonator-enhanced
particle sensing and demonstrates a new method for enhancing Raman scattering.

1.1 Hypothesis of the research endeavors

The research presented in this dissertation focuses primarily on two experimental
endeavors, bio-imaging using CARS holography and resonator-enhanced Raman sensing.
The hypotheses investigated relating to this work are:
1) Recordings of single laser shot CARS holograms of live biological samples can be
used to reconstruct three-dimensional CARS amplitude and phase images of sub-cellular
components contained within the samples.
2) CARS holography can provide sufficient chemical selectivity to differentiate subcellular components in reconstructed CARS images.
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3) A tapered optical fiber can guide coupled laser light to microparticle(s)
electrostatically adhered to the taper surface, whereby the microparticle(s) can interact
with the propagating laser mode and generate Raman scattering. The Raman scattering is
capable of being detected and spectroscopic techniques can determine the chemical
composition of the adhered microparticle(s).
4) A fiber ring-cavity with an integrated fiber taper can enhance Raman scattered signal
from particles interacting with the exposed evanescent mode of the circulating field at the
taper surface.
5) Raman scattering can be generated from particles adhered to the surface of a high
quality-factor microresonator resonantly pumped by a evanescently coupled laser. The
Raman signals are expected to be enhanced in comparison to standard spontaneous
Raman scattering microscopy techniques, and the enhancement factor is proportional to
the power build-up of the circulating mode of the microresonator.

1.2 Research Accomplishments

The achievements described in this dissertation include:
1) CARS holograms are recorded to demonstrate 3-D imaging of sub-cellular
components in live cancer (HeLa) cells. Comparison between direct CARS images and
holographic reconstructed CARS images from a single shot exposure shows good
correlation between images. Chemical selectivity is demonstrated by tuning the Stokes
wavelength around the resonant peak.
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2) Label-free Raman microparticle sensing is demonstrated using a tapered optical fiber.
The tapered fiber guides light to particles adsorbed on with the surface of the fiber, and
generates scattered Raman signals which are detected by a custom built microRaman
detection system.
3) The concept of resonator-enhanced Raman spectroscopy is demonstrated with 1-um
particles placed onto the surface of a microresonator resonantly pumped by a fibercoupled laser.
4) A method for locking the pump laser to a resonator is demonstrated, for both fiber ring
resonators and microtoroid microresonators.
5) Raman signals with good signal-to-noise ratio (SNR) are acquired in only 5 seconds
integration with particles adhered to microresonators, and with the pump laser locked to a
cavity resonance, indicating the capacity for resonator-enhanced Raman spectroscopy.
6) Theoretical studies indicate that resonator-enhanced Raman scattering from adhered
microparticles can be achieved with high-Q resonators locked to the cavity resonance.
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Chapter 2

Raman scattering: Review and Motivation for Enhancement

2.1 Introduction

Raman scattering has become a critical tool for identifying chemical species and
probing detailed information about their structure and dynamics. The Raman response of
a molecule provides a characteristic vibrational spectral ‘fingerprint’ which can be
detected and used to identify the specific molecule. In addition to spectroscopy
applications, this spectral ‘fingerprint’ can be exploited as a chemically selective ‘label
free’ contrast mechanism for imaging; thereby offering improved chemical selectivity
when compared to other methods such as bright-field or phase contrast microscopy
[Zernike, 1955].
There are other molecular vibration sensitive imaging methods which also offer
molecular specific “fingerprint” contrast capability, such as infrared (IR) absorption.
However, IR absorption suffers from limited spatial resolution due to longer
wavelengths, and from more difficult and expensive detection schemes. Raman imaging,
on the other hand, utilizes, ultraviolet, visible, or near-IR wavelengths; therefore, it offers
the capacity for improved spatial resolution in addition to ease of implementation.
Raman imaging however suffers from one major drawback that has limited its'
usefulness, in particular for bio-imaging applications. Raman molecular scattering crosssections are typically very small, and limit the sensitivity of spontaneous Raman imaging
[Tolles et al. 1977, Woodbury and Ng 1962]. Fluorescence microscopy has been the
mainstay imaging technique, due to its considerably stronger signal. However,
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fluorescence microscopy requires the introduction of labeling fluorophores, which can
limit the livelihood of tissues or cells due to the accompanying toxic effect, and also
suffers from photobleaching. Therefore, Raman scattering can be a desirable approach for
imaging due its non-invasive and usually non-destructive nature.
Coherent Raman scattering offers a means to significantly improve chemical
sensitivity, and thus has emerged as a powerful nonlinear imaging platform. As an
example, coherent anti-Stokes Raman scattering (CARS) is demonstrated with over five
orders of magnitude signal enhancement over spontaneous Raman scattering [Begley et
al. 1974]. Several other paradigms of coherent Raman scattering exist. Stimulated Raman
scattering (SRS) [Eckhard et al. 1962,Hellwarth et al. 1963] and Raman-induced Kerr
effect (RIKE) [Heiman et al. 1976] represent a couple of the more prominent techniques.
The advantages of Raman scattering, in particular the inherent label-free chemical
selective nature of Raman scattering, form the basis for the work described in this thesis.
Raman scattering is extensively reviewed elsewhere (e.g. [Long, 2002]), and a complete
review goes beyond the scope of this dissertation. However, this chapter will introduce
the relevant theory of both spontaneous and coherent Raman scattering, in sections 2.2
and 2.3 respectively. Section 2.4 overviews coherent anti-Stokes Raman scattering
(CARS) in more detail and sets the stage for integration with holography to perform
three-dimensional holographic label-free CARS bio-imaging, which is discussed in
Chapter 3.
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2.2 Review of spontaneous Raman scattering

Raman scattering is fundamentally different from other elastic scattering
processes, such as Rayleigh scattering. Raman scattering results from an inelastic
collision process between an incident electric field and a molecule. The incident field
induces a change in molecular vibration or rotation energy states of the molecule,
resulting in a scattered field that either has lost or gained energy from the molecule. The
molecular vibration or rotation is inherent to the interacting molecule's bond structure,
and therefore the inelastic scattering process is chemically specific. This is in contrast to
elastic (Rayleigh) scattering, which scatters incident photons with the same energy, only
shifted by the relative Doppler velocity of the medium. Also, Raman scattering differs
from other vibrational sensitive processes such as IR absorption, where the vibrational
information must be probed by exciting infrared active vibrations, which therefore
requires incident photons at those particular frequencies. In contrast, Raman excitation
wavelengths can span from the ultraviolet to near-infrared, while preference in
bioimaging applications is given to near-infrared excitation due to deeper penetration
depths and reduced fluorescence, which can interfere with weaker Raman signals. Raman
scattering can measure vibrational responses from ~4000 to 17 cm-1[Pelletier and
Pelletier 2010]. Less than ~17 cm-1 is more commonly referred to as Brillouin scattering.
In addition, the vibrational spectral response for Raman scattering can cover almost the
entire range of IR absorption spectral responses (mid-IR to IR).
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2.2.1 Classical model

The different scattering processes are described in the energy diagram shown in
Figure 2-1. An induced dipole moment is created when a photon excites a molecule to a
virtual state. The induced virtual state will then relax back to a higher or lower vibrational
level in the ground manifold, emitting a photon. If the emitted photon has the same
energy as the incident photon, this indicates the molecule returned to the original
vibrational ground state, and Rayleigh scattering has resulted, see Figure 2-1a. If the
molecule relaxes to an upper vibrational ground state, this process refers to Stokes Raman
scattering (Figure 2-1b), and if the original molecule was excited from an upper
vibrational ground state to a virtual state and relaxes to a lower ground state, anti-Stokes
Raman scattering has occurred (Figure 2-1c). The generation of Stokes and anti-Stokes
scattering occurs as the induced dipole oscillations are additionally modulated by the
molecular vibrational frequency

. Under normal (room temperature) conditions, most

sample molecules exist in the ground vibrational state than in any of the excited
vibrational states. Since an excited vibrational level must be populated for anti-Stokes
Raman scattering to take place, the anti-Stokes lines are generally much weaker than the
Stokes lines in the Raman spectrum.
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Figure 2-1 Energy diagrams for Rayleigh and Raman scattering mechanisms.

To further understand the creation of the Stokes and anti-Stokes frequencies, a
simple classical analysis of the induced dipole moment during the light-matter
interaction, from the incident laser field, is performed. The induced dipole moment, , is
given by,
(2.1)

,
where is the polarizability, and

is the electric field strength of the incident laser. The

polarizability is dependent on the molecular structure and nature of the bonds of
scattering material. The incident electric field may be expressed as,
,
where

(2.2)

is the angular frequency of the laser. It is then straight-forward to show,
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(2.3)

,
represents the time-dependent induced dipole moment.

The relative polarizability is a function of the instantaneous position of atoms
contained within the molecular structure. However, for any molecule, the atomic bond
structure limits the molecule to specific vibrational modes. The vibrational energy of a
particular mode is given by,
,
where

(2.4)

is the frequency of the vibrational mode, is the vibrational quantum number

( = 0,1,2…), and
displacement

is the reduced Planck constant [Long, 2002]. The physical
of the atoms about their equilibrium position due to the particular

vibrational mode may be expressed as,
,
where

(2.5)

is the maximum displacement about the equilibrium position. For simple

molecules (e.g. diatomic structures), the displacement is small compared to the molecule
structure [Long, 2002]. For such small displacements, the polarizability may be
approximated by the first terms of a Taylor series expansion as,
,
where

(2.6)

is the polarizability of the molecular mode at equilibrium position. Based on the

vibrational displacement of Eq. 2.5 the polarizability may be given as
(2.7)
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Finally, Eq. 2.7 may be substituted into Eq. 2.3, which gives,
(2.8)
Eq. 2.8 can be rearranged to better understand the frequencies at which the induced
dipole moment can exist,

(2.9)
.
Examination of the above equation reveals that induced dipole moments are created at
three distinct frequencies, namely

,

, and

, which result in

scattered radiation at these same three frequencies corresponding to Rayleigh, Stokes,
and anti-Stokes Raman scattering, respectively. One condition for this result that needs to
be considered, is that

This is considered the Raman selection rule [Long,

2002], as it means the polarizability must change with displacement of the molecular
bond. This condition therefore determines if a vibrational mode of a particular molecule
is Raman active (i.e. the field induces a dipole moment), and will inelastically scatter
light at the two frequencies

, and

.

This classical description for Raman scattering works well when explaining the
processes for scattering, however it is incomplete as it does not include the expected
scattering ratio between the Stokes and anti-Stokes Raman intensities. For a complete
analysis, the reader is directed to the quantum mechanical model (e.g. as first described
by Placzek [1934]).
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2.2.1 Raman scattering cross-section

Generally, Raman scattering is orders of magnitude weaker than elastic scattering
due to the significantly reduced scattering cross-sections. For example, a typical diatomic
molecule (gaseous) has a Rayleigh scattering cross-section of ~10-26 cm2/steradian while
a typical Raman scattering cross-section is 10-29 cm2/steradian at visible excitation
wavelengths [Inaba, 1975]. The scattering cross-section is directly proportional to the
intensity of scattered light. The Raman differential scattering cross-section ( ) varies
proportionately with the fourth power of the excitation wavelength [Long, 2002] such
that,
,
where

is the wavenumber of the incident radiation and

(2.10)
is the wavenumber

of the vibrational mode. The units for the differential scattering cross-section are
typically quoted in cm2/steradian, where a steradian is the unit of solid angle, and is also
considered a "squared" radian. The scattering cross-section according to Eq. 2.10 varies
significantly with the incident laser wavelength. Thus, shorter wavelengths will increase
the effective scattering cross-sections of molecules. However, this increased sensitivity
comes at a cost. Besides the capacity for increased auto-fluorescence, lasers at ultraviolet
wavelengths are more likely to damage the sample material. Also, the Raman shifted
wavelength will reside closer to the Rayleigh scattered signal, thereby, reducing the
ability to separate the elastic and Raman scattered light, depending on the working
principles of the measurement device used (i.e. spectrometer).
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2.3 Review of approaches to enhance Raman scattering

Despite the small scattering cross-sections and reduced sensitivity limit, the
inherent chemical selectivity of spontaneous Raman scattering makes it useful in a
variety of applications. Therefore, several techniques to enhance the magnitude of Raman
signals have been developed. Some of the more popular methods include resonance
scattering and generation of a coherent Raman scattering signal that can be more
efficiently detected, and methods for locally enhancing the spontaneous Raman signal
through Surface Enhanced Raman Scattering (SERS). Each have their merits, and are
briefly discussed in this section.

2.3.1 Coherent Raman Scattering

Advances in nonlinear optics, in particular the development of ultrafast laser
sources, with high peak powers and ultra-short pulses, have enabled the development of
several optical techniques for probing nonlinear response of materials. Coherent Raman
scattering in particular has emerged as a powerful spectroscopy technique, offering
improved chemical sensitivity by circumventing the deficiency of small scattering crosssections of spontaneous Raman through the use of coherent, nonlinear processes.
Coherent Raman techniques involve introduction of additional input waves to
drive the nonlinear processes which arise from interaction with the induced polarization
in the medium. As mentioned in the prior section, incident radiation will induce a dipole
moment within the molecule. When additional input fields are applied, they can induce
nonlinear oscillation of the dipole moment. In the case of three input fields, the
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interference and beating between the three waves can give rise to a fourth field. This
process can be further described by relating to the incident field strength to the induced
polarization, which is given by [Yariv, 1989],
(2.11)
where

,

represent the second and third order nonlinear susceptibilities,

respectively, and relate to the strength of the induced polarization of a material. While
vanishes for materials with inversion symmetry,
symmetries). The presence of

exists for all materials (all

enables four-wave mixing to occur, which becomes

more evident by introduction of large intensity input fields. Several cases of four-wave
mixing can promote coherent Raman scattering through different nonlinear interactions.
CARS and SRS represent special cases of four-wave mixing and capability for
significant Raman enhancement. Briefly, CARS introduces a pump/probe and Stokes
beams through efficient phase matching at the sample, to generate a coherent signal at the
anti-Stokes frequency, providing capability for orders of magnitude improvement in
signal over spontaneous Raman as mentioned in a previous section. The CARS process is
discussed in greater detail in section 2.4. SRS on the other hand, involves enhancement of
a local probe field by an incident pump field as the frequency difference beats with the
vibrational frequency of the sample material. The relative gain in the probe (or loss in
pump) can be measured through sensitive detection schemes. The major advantage of
SRS is it is completely free of nonresonant background.
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2.3.2 Surface enhanced Raman Scattering

First observed in 1977 [Albrecht and Creighton 1977,Jeanmaire and Duyne 1977],
surface enhanced Raman scattering (SERS) is well demonstrated [Campion and
Kambhampati 1998, Le Ru and Etchegoin 2009, Moskovits 1985, Otto et al. 1992, Stiles
et al. 2008] as a method for enhancing the generation of spontaneous Raman scattered
light from a sample. Raman scattering enhancements are demonstrated on the order of
~106 [Le Ru et al. 2007] and can often exceed ~1012 or greater (e.g. [Weaver et al. 2000].
These levels of enhancement have led to studies demonstrating extremely high sensitivity
for detection, and are the basis for fundamental studies of surface analytes. SERS has also
led to demonstrations of single molecule detection.
The main mechanism for SERS rests in the coating or deposition of nanostructures or particles exhibiting nano-scale features. Gold or silver is often used as the
SERS material for choice of plasmonic resonance frequency in the visible or nearinfrared. The surface roughness of the metallic particles can excite oscillations of the
local surface plasmon resonance which can significantly enhance the incident and
spontaneous Raman scattered fields. In addition to the electromagnetic enhancement,
further enhancement is achieved through chemical processes involving charge transfer to
the surface analyte. The excitation source in this case is resonant with the charge transfer
states between the metal and molecule providing up to two orders of magnitude
additional enhancement [Jensen et al. 2008]. Despite the capability for significant Raman
enhancement, the production of SERS substrates pose limitations on the application. This
is primarily due to difficulties regarding consistent reproduction of the nano-scale
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features across several SERS substrates, that can produce varying levels of device
performance.

2.4 Coherent anti-Stokes Raman scattering

2.4.1 Introduction to CARS

CARS, originally observed by Maker and Terhune [1965] as a coherent,
directional emission and blue-shifted radiation which is free from one-photon induced
fluorescence, was first applied mainly in spectroscopic studies and offered several orders
of magnitude increase in sensitivity over spontaneous Raman [Begley et al. 1974].
Duncan et al. [1982], demonstrated the first application of CARS to imaging in a
scanning CARS microscope utilizing visible lasers. However, this nascent field stayed
relatively quiet in the intervening seventeen years or so.
The field of CARS microscopy saw a resurgence when Zumbusch et al. [1999],
achieved three dimensional sectioning capability and high sensitivity by using tightly
focused pulsed collinear near-IR lasers. Since then, various CARS imaging modalities
have been investigated such as scanning CARS microscopy [e.g. Zumbusch et al. 1999],
wide-field CARS imaging [Heinrich et al. 2004, Heinrich et al. 2006, Toytman et al.
2007, Heinrich et al. 2008, Toytman et al. 2009], epi-detected CARS (E-CARS) [Cheng
et al. 2001a, Cheng et al. 2001b, Cheng et al. 2002a, Nan et al. 2003], BOXCARS
[Muller et al. 2000], CARS optical coherent tomography (OCT) [Vinegoni et al. 2004,
Bredfeldt et al. 2005], and multiplex or broadband CARS [Cheng et al. 2002b, Wurpel et
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al. 2002, Chen et al. 2003, Andresen et al. 2005, Kee and Cicerone 2004, Kano and
Hamaguchi 2005a, Kano and Hamaguchi 2005b, Shi et al. 2007a, Shi et al. 2007b].
Additionally, many researchers have developed various techniques to suppress the
electronic non-resonant four wave mixing (FWM) background. Some exemplary
techniques include polarization sensitive detection [Li et al. 1992, Cheng et al. 2001,
Oudar et al. 1979] and time-resolved CARS [Okamoto et al. 1990, Schmitt et al. 1997,
Volmer et al. 2002, Marks et al. 2004, Sidorov-Biryukov et al. 2006, Lee and Cicerone
2008, Tran et al. 2009, Kamga and Sceats 1980, Loring and Mukamel 1985]. Similarly
phase matching [Scholten et al. 1989], coherent pulse control [Oron et al. 2002,
Dudovich et al. 2002, Zhang et al. 2007], ‘FAST CARS’ [Scully et al. 2002, Pestov et al.
2007], heterodyne CARS interferometry [Evans et al. 2004, Potma et al. 2006],
Frequency modulation (FM) CARS [Ganikhonov et al. 2006], Differential CARS (DCARS) [Medoza et al. 2009] are a few among the plethora of methods available for
improving the chemical sensitivity for CARS imaging and spectroscopy, in particular, for
applications in bioimaging [Cheng and Xie 2004, Evans et al. 2005, Rodriguez et al.
2006, Evans and Xie 2008].

2.4.2 CARS Theory

Coherent anti-Stokes Raman scattering is generated due to non-linear interaction
between the pump/probe

and the Stokes

laser beams via the vibrational

resonance-enhanced third-order nonlinear susceptibility
Basically, in a

of a Raman-active sample.

medium the incident Stokes beam is tuned such that it beats with the
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pump beam to resonantly excite a specific Raman vibrational mode, and the resultant
molecular vibration can be ‘probed’ with a probe beam (which oftentimes is the pump
beam itself) to generate the anti-Stokes beam, that is, the CARS signal (see Ch. 10 of
Boyd [2003]). Let the incident electric field
, where

and

are the pump/probe and the Stokes fields, respectively.

Then, the particular non-linear source term relevant to the FWM process which drives the
anti-Stokes wave generation can be identified as,
, in which the third-order nonlinear
susceptibility has the form,
(2.1)
near Raman resonance

, where

corresponding Lorentzian line and

is the half width at half maximum of the
denotes its strength (see Ch. 10 of Shen [1984]).

As can be seen, the total third-order susceptibility also includes contributions (

) from

the electronic FWM background processes which may further contain a two-photon
enhanced resonance at the pump and Stokes frequency and the sum frequency enhanced
resonance between pump and Stokes fields [Cheng and Xie 2004].
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Figure 2-2 Energy diagram for coherent anti-Stokes Raman scattering.

The presence of non-resonant electronic FWM background signal is a major
disadvantage of CARS microscopy, as it reduces the chemical selectivity. A variety of
approaches (such as polarization sensitive detection, time-resolved probing, controlled
pulse shaping, etc.) have been proposed to suppress this background and enhance the
image contrast as mentioned earlier.
We will now briefly review the unique features of CARS signal by studying its
generation due to the non-linear source term. The Helmholtz’s equation for the antiStokes field

is,
(2.12)

To gain some insight, a simple case is considered where the pump and the Stokes are
undepleted plane waves and the medium is isotropic and uniform (i.e., both the refractive
index

and

are constant). Eq. 2.12 is reduced to,
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(2.13)
In obtaining Eq. 2.13, the propagation direction of the anti-Stokes beam is chosen as the
z-direction (i.e.,

) and note that

. The field is denoted as

. Using the slowly varying envelope approximation,
, the spatial derivative is then simplified as
, so that the Eq. 2.13 can be written as,
(2.14)
where

is the wavevector mismatch. The solution for the anti-

Stokes field is given by,
(2.15.a)

(2.15.b)

where no input is assumed at the anti-Stokes frequency

. For a material with

normal dispersion, the angular wave number of the pump field is less than the average
angular wave number of the Stokes and the anti-Stokes field
487-488 of Boyd [2003]). Hence, there is always an angle
mismatch,

(see pp.
at which the wavevector

, can lead to efficient growth of the anti-Stokes signal. On the other

hand, if the interaction length is small the phase matching condition can be relaxed, as in
the case of laser scanning CARS microscopy, which usually utilizes collinear tightly
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focused pump and Stokes beams [Zumbusch et al. 1999]. A distinctive feature of CARS
signal is seen from Eq. 2.15.b, since the intensity of the anti-Stokes field depends on
. If the phase matching condition is satisfied, the signal power is proportional to
the square of the total number (N) of vibrational oscillators, in contrast to a linear
dependence as in spontaneous Raman scattering, and leads to significantly improved
sensitivity for large N. In addition, the quadratic dependence on the incident pump
intensity can serve as a useful check to verify the observation of the CARS signal.
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Chapter 3

Holographic Coherent Anti-Stokes Raman Scattering Bio-imaging

3.1 Introduction

Coherent anti-Stokes Raman scattering (CARS) holography has been proposed
and demonstrated [Shi et al. 2010, Xu et al. 2010, Edwards et al. 2012, Shi et al. 2012] to
establish a new method for performing label-free three-dimensional chemical and
biological imaging. CARS holography is a special case of four wave mixing (FWM)
holography, which utilizes (3) (third-order nonlinear susceptibility) as a contrast
mechanism. This allows for probing of low-energy material excitations, such as
molecular vibrations, and utilization of the spectral response as a molecular “fingerprint”
to provide image contrast. In particular, CARS holography fuses the three-dimensional
(3D) imaging capability of holography with the high-sensitivity, and chemical selectivity
of CARS into a new label-free, non-scanning, 3D imaging modality.
For the application of biological imaging, CARS holography is demonstrated as
label-free thus providing an alternative to fluorescence dyes, which can limit the
longevity of cells, and therefore enables long-term imaging capabilities of living samples
as they are permitted to continue undergoing natural, biological processes. Additionally,
CARS has been proven to be a viable method for measuring lipid concentration, which is
an indicator of the life processes of cells [Zumbusch et al. 1999].
In this Chapter, CARS holography is explored as a capable label-free, 3-D bioimaging technique. First, the motivation for combining CARS with holography is
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discussed, and followed by a theoretical analysis of CARS holography. Then,
experimental results of holographic CARS bio-imaging are described and analyzed.

3.1.1 Motivation for CARS Holography

Existing CARS microscopy techniques suffer from an inherent limitation of
sample or laser scanning. Typically, point-by-point scanning is performed to obtain a full
three-dimensional image of a sample. Even in the wide-field CARS imaging modality,
axial scanning is required to focus onto different depth positions inside a sample. The
requirement for scanning significantly limits the temporal resolution and thus the ability
to image fast dynamical processes simultaneously across all three dimensions of a
sample.
Holography, on the other hand, provides three-dimensional imaging capability by
recording both amplitude and phase information from a desired signal. Briefly,
holography works by interfering a coherent signal beam with a frequency matched
reference beam and the interference pattern is recorded on an imaging medium. An
excellent review of optical holography can be found in Hariharan [1996]. In digital
holography [Schnars and Jüptner 1995], the hologram is recorded on a charge coupled
device (CCD), or similar imaging detector, and the image can be digitally reconstructed
via digital propagation of the complex field using a diffraction based algorithm. A
concise review of the principles of digital holography and the numerical reconstruction
techniques is available [Schnars and Jüptner 2002,Kreis 2005]. A unique advantage of the
digital recording of the optical field made is possible by the use of electronic recording
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medium that permits the application to use a vast array of digital processing techniques
and numerical algorithms that may be difficult or even impossible to implement
optically[Schnars and Jüptner 2005]. For instance, several aberration compensation
techniques [Wagner et al. 1999, Ferraro et al. 2003, Columb et al. 2006a, Colomb et al.
2006b] have been developed to improve the image quality in quantitative phase contrast
microscopy [Cuche et al. 1999, Mann et al. 2005, Kemper and Bally 2008]. Holography
and its application to microscopy has been reviewed comprehensively by Kim [2010].
To overcome the limitations in scanning CARS microscopy, Shi et al. [2010]
proposed that a digital hologram of the CARS signal can be recorded by taking advantage
of the intrinsic coherence of the anti-Stokes signal. Similar digital holographic methods
have been demonstrated in fluorescence imaging schemes[Schilling et al. 1997, Rosen
and Brooker 2008], by exploiting the second order nonlinear molecular response of select
materials [Masihzadeh et al. 2010], and by the introduction of second harmonic labeling
nanocrystals [Pu et al. 2008, Hsieh et al. 2009]. In CARS holography, imaging can be
performed without scanning. Single-shot CARS holography with laser pulse durationlimited exposure time has been demonstrated [Shi et al. 2010, Xu et al. 2010] creating the
possibility of three-dimensional imaging of fast dynamical phenomena at laser pulsewidth limited speed (e.g., nanosecond or pico-second time scale). Finally, the presence of
an intense reference beam (i.e., local oscillator), and the coherent homodyne detection
nature of CARS holography can also potentially lead to shot noise limited detection
sensitivity.
In this chapter, the integration of CARS (discussed in detail in Chapter 2.4) with
digital holography is first theoretically explored. Implementations of CARS holography
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are discussed, including in-line and off-axis modalities. This is followed by
demonstrations of three-dimensional imaging, chemical selectivity, and applications for
biological imaging. CARS holography imaging of live biological cells and their
endocellular components is discussed in detail.

3.2 Introduction to digital holography

Holography is capable of recording both the phase and the amplitude of a wave. A
known reference wave,
of a signal wave,

, is used to record the complex amplitude
. The recorded intensity is given as,

(3.1)

where “d.c.” refers to the total intensity of the reference and object wave. Optical
holography makes use of a holographic recording medium (e.g., photorefractive crystals),
and the image is reconstructed by using the same reference wave to illuminate the
recorded hologram. In his seminal papers [Gabor 1948, Gabor 1949, Gabor 1951], Gabor
demonstrated in-line holography by using a monochromatic point source as the reference
wave in front of a micrograph (used as the phase object).

3.2.1 Limitation of in-line holography

The setup for inline holography is simple; however, the virtual image
image

and real

are spatially co-located in the image reconstructed from the inline
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hologram. To overcome this limitation, Leith and Upatneiks [1962, 1963, 1964] proposed
off-axis holography by essentially using an off-axis reference wave so that the twin
images are separated in the spatial frequency domain and a simple spatial frequency filter
can be used to block out and choose either of them for subsequent processing. For offaxis holography, it can be shown that if the highest spatial frequency of the image is B,
then the relative angle between the reference and the object wave should be at least
to avoid aliasing (see pp. 310-311 of Goodman [2005]).

3.2.2 Digital holographic reconstruction

Goodman and Lawrence pioneered the technique of computational image reconstruction
by recording their hologram on a vidicon detector instead of the photographic film and
using a PDP-6 computer [Goodman and Lawrence 1967]. Schnars et al.[1994],
investigated the applicability of CCD imagers to record holograms and the constraints on
attainable resolution based on the pixel size. Briefly speaking, digital holography refers to
the recording of a hologram on an electronic imager and the reconstruction via digital
processing, e.g., the use of the first Rayleigh-Sommerfeld integral (see Ch. 3 of Goodman
[2005]) to re-focus the image as shown in the following equation,

(3.2)

where

is the holographically recorded field and

defines the image plane.

The fact that digital holography provides access to the digitally recorded complex field
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makes it very convenient for computational processing and manipulation as compared to
optical processing. It can be shown that under a paraxial approximation (see pp. 65-67 of
Goodman [2005]), the first Rayleigh-Sommerfeld integral can be approximated by the
Fresnel diffraction formula,
(3.3)
Identifying the integrand in Eq. 3.3 as the spatial convolution with the impulse response,
, allows the complex reconstructed field at the image plane to
be expressed as the product of the Fourier transform of the
transfer function of the medium of length ,

with the propagation
, and operated

on by the inverse Fourier transform,
(3.4)
For in-line holography, the Fourier transform operations are performed directly on
the recorded intensity pattern, and the inherent twin-image noise can be compensated by
using techniques such as phase-shifting digital holography [Yamaguchi and Zhang 1997,
Zhang and Yamaguchi 1998] and expansion of the Fresnel diffraction kernel in wavelet
basis [Onural 1993]. On the other hand, in off-axis holography, the spatial Fourier
transform of the recorded intensity is digitally filtered to retain only the relevant sideband
so that only one of the twin images is focused after digital propagation [Jensen et al.
1997,Takaki et al. 1999, Cuche et al. 2000]. Digital holography has been previously
implemented for imaging small changes in the refractive index in weakly scattering
media, such as imaging dynamic cell morphometry in living cells [Rappaz et al. 2005],
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and in severe environments of outer space for fluid diagnostics in micro-gravity
conditions [Dubois et al. 1999, Kebbel et al. 1999, Xu 2011].

3.3 Theoretical analysis of CARS holography

3.3.1 Analogy between CARS and holography

Before delving into the discussion of CARS holography, it is interesting to note
that the physical process of CARS is analogous to holography [Shie et al. 2010, Xu
2011]. As noted earlier, the resonant excitation of a particular Raman vibrational mode,
, is examined by interfering a pump beam,

, with a Stokes beam

, and is analogous to the holographic recording process. In other words, a Raman
active medium stores a hologram in the form of its unique molecular vibration. A probe
beam, which oftentimes is the pump itself, can then read out the molecular-vibration
hologram to produce an anti-Stokes Raman signal just as a reference wave is used to
reconstruct the image recorded in the hologram. To further illustrate this analogy, the
governing wave equations of CARS and holography are compared,
(3.5.a)

.

(3.5.b)

For simplicity, scalar formalism is used, that is, the fields involved are assumed to have
the same polarization. As before, in Eq. 3.5.a an un-depleted pump and Stokes beam as
well as a homogeneous refractive index

. are assumed [Burr 1996]. In Eq. 3.5.b, the
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Born approximation is utilized by assuming a weak hologram is stored in a medium with
an average refractive index, , and index modulation,
recorded hologram.

and

which resulted from the

are the reference and the diffracted field, respectively.

By comparing Eq. 3.5.a and Eq. 3.5.b the following correspondence can be identified,

(3.6)
.
For plane wave excitation
where

, and plane wave hologram

is the grating vector, it is straightforward to establish the

correspondence of the phase matching condition in CARS and the Bragg matching
condition in volume holography,

, where

and

are the wave vectors of

the diffracted and the reference field respectively.

3.3.1 Evolution of the anti-Stokes signal

Just as in holography, where the diffracted (or, reconstructed) field
information of

contains

, the anti-Stokes field can provide image information of

.

This will become clear in the following, as the evolution of the anti-Stokes signal is
analyzed in a homogeneous volume sample of thickness . To begin, Eq. 3.5.a can be
rewritten as ,
(3.7)
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where again a z-propagating CARS field
the transverse Laplacian is kept in Eq. (3.7)

is considered. Compared to Eq. 2.13,
as

in general is not a

constant. By applying the slowly varying envelope approximation, the scalar equation
can be rewritten as,
.

(3.8)

The undepleted pump approximation is assumed for the pump and the Stokes beam so
that the amplitudes

and

can be treated as constants. A 2-D Fourier transform (with

respect to x and y) is performed to obtain,
(3.9)
where the tilde represents the corresponding Fourier transform, and
A new field can then be defined as

. Then, Eq. 3.9 can be

simplified to,
(3.10)
Considering the sample of thickness , the amplitude of the generated anti-Stokes signal
in spatial frequency domain, can be written as,

(3.11)

It is observed that the integrand in Eq. 3.11 is the Fourier transform of the 2-D
convolution between

and

, where the latter is
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essentially the Fresnel diffraction kernel. By applying the inverse Fourier transform, the
generated anti-Stokes field at the exit plane of the sample volume can be written as,

(3.12)

(3.13)
As can be seen, the observed anti-Stokes field is essentially the linear superposition of the
diffracted

distributions at different depths in the sample volume. Comparing

Eq. 3.13 with Eq. 3.4, it can be seen that a CARS hologram, which records the complex
anti-Stokes field, contains the information needed to digitally focus onto layers located at
different depths within the volume of the sample and thereby realize 3D CARS imaging
without scanning.

3.3.3 Discussion of digital focusing and the relation to 3D imaging

It should be noted that the 3D imaging ability, in the sense of digital focusing of
CARS holography, is different from the optically sectioned scanning CARS microscopy,
which can obtain the complete volume distribution. The 3D tomographic imaging can be
realized through use of diffraction tomography [Wolf 1969, Dandliker and Weiss 1970],
by recording multiple holograms along different directions. For ‘sparse’ samples (i.e.
samples which consist of few localized Raman-active sites), 3D tomographic
reconstruction can be accomplished from a single hologram by borrowing from the recent
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exciting developments in the field of ‘Compressive Sensing’ (CS). Briefly speaking,
compressive sensing utilizes ‘sparsity’ in a signal to faithfully reconstruct its features
from significantly fewer measurements or samples of the signal [Candes et al. 2006a,
Candes et al. 2006b, Candes and Tao 2006, Candes and Wakin 2008, Donoho 2006].
Compressive holography has been demonstrated by Brady et al.[2009], and was applied
to inline CARS holography to significantly improve the quality of reconstructed CARS
images [Xu et al. 2010].

3.4 Review of the implementations of CARS holography

Two different modalities have been explored for implementing CARS
holography. The first demonstration is in-line CARS holography [Xu et al. 2010], which
involves generating a reference beam that co-propagates in-line with the CARS signal, to
interfere and record a hologram (see Figure 3-1a). The second modality is off-axis
recording of the CARS hologram [Shi et al. 2010]. In this configuration, as shown in
Figure 3-1b, the CARS signal and a separately generated reference wave interfere at an
angle on the CCD imager. While the off-axis configuration helps avoid the well-known
twin image problem and the overlaying Gabor hologram that results from elastic
scattering of the reference wave, the in-line approach is simple to implement and can
provide improved system stability. The advantages and configurations for both CARS
holography methods are discussed in the following sections.
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Figure 3-1 Comparison between inline and off-axis CARS holography; (a) schematic
diagram of in-line CARS holography is shown with a co-propagating reference beam
generated by a nonlinear medium placed in front of the sample, (b) off-axis CARS
holography is shown with separately generated reference beam (Figure 3-1a adapted from
[Xu et al.2010], and Figure 3-1b from [Shi et al.2010]).

3.4.1 In-line CARS holography

In-line holography is a simple and well-demonstrated technique for recording a
hologram. In in-line CARS holography, a self-generated reference can interfere with the
CARS signal to record a hologram. To generate the reference wave, Xu et al. [2010]
demonstrated using a thin layer of uniform third order nonlinear medium (index oil)
placed in front of a specimen to be imaged (Figure 3-1a). The pump/probe and tunable
Stokes beams first travel through the nonlinear medium generating the reference wave
through four-wave mixing. The pump/probe and Stokes then interact with the sample
generating the desired CARS signal. The reference and the CARS signal then copropagate to the imager to interfere and record a hologram.
In Xu et al. [2010], chemically selective 3D imaging is demonstrated by recording
CARS holograms of a sample of poly (methyl methacrylate) (PMMA) and polystyrene
microspheres immobilized on a glass cover slide. Separate CARS holograms are recorded
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when the Stokes beam was tuned to resonantly excite the vibrational mode of each
microsphere (PMMA at 2959 cm-1 and PS at 3060 cm-1). After reconstruction and digital
back-propagation of the CARS field, it is shown that the PMMA and PS polymer
microspheres can be differentiated in each hologram. Furthermore, although one would
expect the surrounding medium within the sample (water, glass) to generate nonresonant
four-wave mixing background, in the experiment the background does not appear to
significantly reduce the quality of the recorded holograms.
While the in-line approach provides a robust and stable method for recording a
CARS hologram, the reconstructed image quality is limited by the well-known twin
image problem, where both virtual and real images overlap in the reconstructed image.
However, with recent advancements in digital holography and digital processing, several
techniques have emerged to improve the reconstruction of holograms. The compressive
holography technique demonstrated by Brady et al. [2009] was utilized in Xu et al.
[2010] which dramatically improved the quality of the reconstructed CARS images. With
that being said, Xu et al. [2010] mention that the reference field can additionally scatter
from the sample, and this scattered field can additionally interfere with the reference to
record a Gabor hologram. The Gabor hologram can superimpose on the CARS hologram
to reduce the chemical selectivity. This imposes a limitation on the sample, as weak
scatterers and/or a weak reference beam is required to suppress the Gabor hologram.
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3.4.2 Off-axis CARS holography

Off-axis holography has also been investigated as a CARS holography technique
to alleviate the issues regarding the twin-image and d.c. background problems as well as
Gabor hologram generation associated with in-line CARS holography. In off-axis
holography, a separately generated reference wave is brought in at an angle to the signal
beam to interfere at the recording medium. Figure 3-1b illustrates the off-axis approach to
CARS holography. The basic configuration for implementing off-axis CARS holography
in Shi et al. [2010] is illustrated in Figure 3-2. Pump and Stokes beams generated from a
nanosecond laser (pulse width ~5 ns, 10 Hz rep.) are weakly focused, spatially and
temporally overlapping in a target volume. This configuration gives a wide-field imaging
area (approximately 120 µm). The focusing of the pump and Stokes beams occurs by
passing through two singlet lenses. The two beams are then overlapped on the sample at
an angle of about 20 degrees. A long working distance (20 mm) of the objective lens
provided for easy insertion of the sample into the CARS microscope configuration.
CARS signal or more generally, a FWM signal, is generated within the sample of interest
and passes through a band-pass filter. The wide-field CARS/FWM signal can be imaged
onto a TEC cooled CCD camera by an imaging system which consists of a collection
objective and another singlet lens. The CARS/FWM signal interferes with a reference
beam generated from an optical parametric oscillator (OPO) at the same angular
frequency to record a digital hologram on the CCD camera.
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Figure 3-2 Experimental setup of CARS holography. The fundamental beam with
angular frequency of ωp from a nanosecond laser was used as the pump and the probe for
generating CARS/FWM signal: (a) frequency-doubled laser beam (2ωp) is used to pump
the OPO to produce an idler beam at ωs,which is utilized as the Stokes, and a signal beam
at 2ωp-ωs, which is used as the reference, for recording CARS holograms. Note that the
frequency of the reference beam automatically matches that of the CARS or FWM signal
as the Stokes wavelength is tuned. (b) a representation of a typical recorded hologram is
shown, in this case from index oil. The interference fringes are highly visible in the
recorded hologram at a diagonal to the image and, (c) a schematic of a prepared sample
shows the sample solution is sandwiched between two glass micro-slides (Figure adopted
from [Edwards et al. 2012]).

It is worthy of some more detailed discussion of the various beams involved in
implementing CARS holography. Typically, for generating CARS, the fundamental of a
pulsed laser acts as the pump and probe beam (ωp), while a tunable laser source provides
the Stokes beam (ωs). In the demonstrations of CARS holography, the “idler” output from
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an optical parametric oscillator (OPO), which is pumped by the frequency-doubled output
of the pulsed laser, is used to generate the Stokes beam. The Stokes beam is then tuned to
match the frequency difference between the pump and the Stokes (ωp-ωs) to the
molecular vibrational frequency of a sample to generate CARS signal. One can see by
virtue of the OPO and CARS processes (see Figure 3-3) that the OPO signal beam and
the CARS signal have the same angular frequency. In CARS holography, the OPO
“signal” beam can be used as a reference wave to interfere with the CARS signal and
record a CARS hologram. Similar methods have also been used in CARS optical
coherence tomography [Bredfeldt et al. 2005] and heterodyne detection [Jurna et al.
2007], for generation of a local CARS reference oscillator. This configuration helps
ensure the coherence requirement for holography is met in CARS holography. The
coherence conditions are fulfilled in this configuration by virtue of the fact that all the
relevant fields are all coherently generated from the same nanosecond pump laser.

Figure 3-3 Comparison between signal generation in the process of optical parametric
oscillation and CARS. When the OPO and CARS generation share the same fundamental
pump laser, the anti-Stokes signal is frequency-matched to the signal output of the OPO
(ωas =2ωp-ωs). Figure adopted from [Edwards et al. 2012].
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3.5 Demonstration of CARS bio-imaging

3.5.1 Experimental setup

The schematic diagram of our experimental system to acquire the results shown in
this section is depicted in Figure 3-4, and it follows a similar configuration as shown in
Figure 3-2. A nanosecond laser (Continuum Surelite III, fundamental wavelength, 1064
nm; second harmonic wavelength, 532 nm; repetition rate, 10 Hz; pulse duration, ~5 ns;
injection seeded) together with a tunable type II optical parametric oscillator provide the
pump (also used as the probe) and Stokes beams for the CARS signal generation, as well
as the reference beam for recording CARS holograms. The pump/probe and Stokes
beams were focused by a pair of lenses respectively (focal lengths, 750 mm and 150
mm), and spatially overlapped at the sample plane at an angle of about 20 degrees. The
generated CARS/FWM image was then magnified by an imaging system consisting of an
objective (numerical aperture, 0.42; focal length, 10 mm) and a lens (focal length, 500
mm) and filtered by a band-pass filter (ChromaD800/30-center wavelength 800 nm, 75
nm pass). A Teflon beam dumper (not depicted) was placed in front of the collection
objective lens to block the un-depleted incident beams and allow the CARS/FWM signal
to pass through. The reference beam was first coupled into a section of a single-mode
fiber (length, ~ 1 meter) and hence spatially filtered. It was subsequently collimated and
combined with the CARS/FWM signal by using a pellicle beam splitter (reflectivity and
transmittance, 8% and 92%, respectively). The two beams had a small angle (~2 degrees)
between them. Their interferogram, or, the resulted CARS/FWM hologram was detected
with a charge coupled device camera (Apogee 32ME).
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Figure 3-4 Experimental setup of CARS holography. The fundamental beam with
angular frequency of  p from the nanosecond laser was used as the pump and the probe
for generating CARS or four wave mixing (FWM) signal. The frequency-doubled laser
beam ( 2p ) was used to pump the OPO to produce an idler beam at s which was
utilized as the Stokes, and a signal beam at 2 p   s which was used as the reference for
recording CARS holograms. Note that the frequency of the reference beam automatically
matches that of the CARS or FWM signal as the Stokes wavelength is tuned. Phase delay
lines are represented by τ1 and τ2. (Figure adopted from [Shi et al. 2012]).

3.5.2 Biological Sample Preparation

The CARS holographic imaging system was utilized to image live cervical cancer
HeLa cells prepared in Dr. Yanming Wang's Biochemistry lab at Penn State. The HeLa
cells were grown on glass cover slips in DMEM (Dulbecco's Modified Eagle Medium)
supplemented with 10% fetal bovine serum and 1% penicillin-Streptomycin in a 5% CO2
incubator at 37C. The Stokes wavelength was tuned to excite the CH aliphatic
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vibrational mode at 2913 cm-1 [Yariv 1989], which was reported to be rich in
mitochondria and lipid clusters in HeLa cells [Zumbusch et al. 1999]. Also performed
was a control experiment to measure the CARS spectrum of the mitochondria purified
from HeLa cells by differential centrifugation with a separate supercontinuum based
multiplex CARS system [Shi et al. 2007a, Shi et al. 2007b ]. Briefly, HeLa cells were
first harvested and re-suspended in mitochondria isolation buffer (10 mM Hepes-KOH at
pH of 7.4, 0.1 mM EDTA, 1 mM EGTA, 250 mM sucrose and protease inhibitors added
freshly). The cells were homogenized and spun at 700 g for 10 minutes at 4C. The
supernatants were then collected and spun at 7000 g for 10 minutes at 4C. Finally, the
mitochondrial pellets were washed and re-suspended in mitochondria isolation buffer.

3.5.3 Chemical selectivity

The intrinsic chemical selective capability of CARS holography has been
explored in both the off-axis and in-line modalities [Shi et al. 2010, Xu et al. 2010] using
samples containing different types of polymer microspheres. Here, the chemical
selectivity is demonstrated using the modified setup (Figure 3-4) described in the
previous section by tuning the Stokes wavelength on and off a known resonant mode of
aliphatic CH which is abundant in subcellular components such as mitochondria and
lipids [Zumbusch et al. 1999, Cheng et al. 2002b]. In the measurements here, a CARS
peak at around 2913 cm-1 was observed. A sequence of wide-field CARS images were
recorded by detuning the Stokes as shown in Figure 3-5. Figure 3-5b shows the CARS
image when the frequency of the Stokes beam was tuned so that the 2913 cm-1 Raman
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vibrational mode can be resonantly excited. Figure 3-5a and 3-5c show the images
acquired when the Stokes wavelength was detuned with Raman shifts of 2905 cm-1 and
2921 cm-1 respectively. It should be noted that as the wavelength was tuned, the power of
the Stokes beam may also vary slightly. However, Figure 3-5 clearly shows the trend that
as the detuning increases the signal strength reduces accordingly, consistent with the
existence of a resonant mode.

Figure 3-5 Wide-field CARS images of HeLa cells around the resonant mode at 2913
cm-1 recorded by tuning the Stokes wavelength [Shi et al. 2012].

3.5.4 Three-dimensional Imaging

A CARS hologram recorded with single-shot exposure from a pair of pump and
Stokes pulses (~ 5 ns) is shown in Figure 3-6a. Briefly, to reconstruct the complex antiStokes field, two-dimensional digital Fourier transform of the hologram is first
performed. As shown in Figure 3-6b there exist two side bands in the Fourier domain,
corresponding to the virtual and real image terms. The central part of Figure 3-6b
represents the DC component of the recorded hologram and is digitally filtered. The top
left side band was selected for digital propagation in Figure 3-6c. After performing the
inverse Fourier transform, the complex anti-Stokes field can be reconstructed and can be
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digitally propagated. The reconstructed intensity distribution is shown in Figure 3-6d. In
this instance, digital propagation of 10 µm has been performed to digitally refocus the
image.

Figure 3-6 Holographic CARS reconstruction process: (a) a typical CARS hologram
recorded with a single-shot exposure of a pair of pump and Stokes pulses (~ 5 ns), (b)
two-dimensional digital Fourier transform of the hologram with the two side bands, the
top left corresponding to the selected term for digital propagation, the central part
represents the DC component of the recorded hologram and is digitally filtered, (c)
digitally filtered side band, (d) reconstructed intensity distribution [Edwards et al. 2012].

47
3.5.5 Analysis of bio-imaging results

CARS holographic bio-imaging was demonstrated using several different samples
containing live cells (HeLa) [Shi et al. 2012], prepared as in Section 3.5.2. In order to
perform single laser shot imaging, the excitation pulse energies of the pump and Stokes
were adjusted to about 10 mJ and 4 mJ, respectively. The Stokes was tuned to match the
Raman active mode of aliphatic CH (~2913 cm-1), which has been used previously for
imaging mitochondria and lipids, discussed in section 3.5.3. During the experiments, the
cells were tested quickly after they were taken out of an incubator and kept alive during
the measurements. Visual microscopic inspection followed to confirm that there was no
apparent photo-damage to the cells during the experiment. However, sometimes samples
were damaged due to defects or contaminants on the cover glass, which absorbed light
and resulted in ablation. This problem may be alleviated by using picosecond laser
systems, which can exhibit higher peak power with significantly less pulse energy.
Figure 3-7a shows a CARS hologram of three HeLa cells (c.f., Figure 3-7d) recorded
with a single-shot exposure of a pair of pump and Stokes pulses (~ 5 ns), while Figure 37b and 3-7c are the reconstructed field amplitude and phase distribution respectively. By
performing digital back propagation, a sequence of images at different depth positions in
the sample volume can be retrieved as shown in Figure 3-7e through 3-7h, where the subcellular components at different depth levels can be brought into focus sequentially.
Figure 3-8 provides an additional demonstration of the 3-D holographic CARS
bio-imaging capability for detecting sub-cellular components. In Figure 3-8(a,e), bright
field images of two different samples of live HeLa cells is shown.
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Figure 3-7 3D CARS holographic imaging of live HeLa cells: (a) a recorded CARS
hologram, (b) reconstructed field amplitude, (c) reconstructed phase, (d) micrograph of
the three HeLa cells which were imaged, (e)-(h) a sequence of reconstructed CARS
images at different depth positions in the sample volume, where the sub-cellular
components are at different depth levels and can be brought into focus sequentially [Shi
et al. 2012].

The CARS signal is generated from within the cells and is interfered with the reference
beam to record a hologram. The recorded hologram was used to digitally reconstruct the
CARS field at different propagated depths within the sample. In Figure 3-8(b) – (d) and
(f)-(h), digitally propagated images are shown of the CARS field which are reconstructed
at -10 µm, 0 µm, and +10 µm respectively, from single-shot CARS holograms. It can be
observed in the images that by digital propagation, different sub-cellular components go
in and out of focus, demonstrating the three-dimensional bio-imaging capability.
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Figure 3-8 Three-dimensional CARS holographic imaging of live HeLa cells: (a) and (e)
bright field images of HeLa cells, (b-d) and (f-g) digital propagation of the CARS field
reconstructed from recorded CARS holograms of each of the HeLa cell samples at -10
µm, 0 µm, and +10 µm, respectively [Edwards et al. 2012].

To compare the digital focusing ability of CARS holography with analogue
(manual) focusing, a series of wide-field CARS images were captured (i.e., direct images
without the reference beam) of some HeLa cells by manually focusing onto different
depth layers of the sample (i.e., through manual translation of the objective in the axial
direction). Figure 3-9 (a)-(e) show a series of holographically reconstructed CARS
images of HeLa cells at different depth positions by using digital propagation, while the
corresponding manually focused wide-field CARS images are shown in Figure 3-9 (f)-(j).
These two sets of images largely exhibit similar features, although small differences exist
partly due to the limited precision of the manual focusing. These results clearly
demonstrate the equivalence of digital and analogue focusing. Note that multiple-shot
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exposure (~10 pulses) was employed in the wide-field imaging scheme to increase the
signal strength. On the other hand, single shot exposure was used in CARS holography,
which promises laser pulse duration limited speed but also results in relatively weak
signal.

Figure 3-9 Comparison of holographic CARS imaging (upper) and wide-field CARS
imaging (bottom, with manual focusing) of HeLa cells at different depth positions (z:
relative positions) demonstrating the equivalence of digital and analogue focusing: (a)-(e)
a series of holographically reconstructed CARS images of HeLa cells at different depth
positions by using digital propagation, (f)-(j) the corresponding manually focused widefield CARS images. Multiple-shot exposure was employed in the wide-field imaging
scheme to increase the signal strength while single shot exposure was used in CARS
holography [Shi et al. 2012].

3.6 Summary

This Chapter discusses the theoretical aspects of CARS holography, and
demonstrates non-scanning chemically selective 3D bio-imaging via holographic CARS
microscopy. The merging of the unique capabilities of both holography and CARS opens
a new avenue for high-speed, chemically selective, label-free 3D imaging with the
potential to image fast biological processes at laser pulse duration limited speed. CARS
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holography captures both the amplitude and phase of the anti-Stokes field in a single shot
at laser pulse duration-limited exposure times (~5 ns), thereby offering superior temporal
resolution compared to any other laser-scanning Raman microscopy techniques. CARS
holography differs from laser-scanning CARS microscopy in that it can focus via
digitally propagating the complex CARS field; yet the reconstructed image still contains
the out of focus background. However, compressive holography provides an avenue for
good quality reconstruction of the 3D source distribution if the sample is sparse.
CARS holography has exciting potential for several applications in both life and
materials sciences. The demonstration of imaging biological species suggests CARS
holography is a capable technique for performing non-invasive 3D bio-imaging. CARS
holography potentially opens the door for the study of fast biological processes and
intracellular dynamics measured at laser pulse width limited speeds, and the label-free
approach provides long duration bio-imaging measurement capability. However, in order
for CARS holography to become a useful platform for bio-imaging, better image quality
is needed. CARS holography can potentially become a powerful tool for studying
dynamic biological, physical, and chemical processes due to its non-scanning, highspeed, highly sensitive, 3D imaging capability.
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Chapter 4

Fiber Taper Based Raman Spectroscopy

4.1 Introduction

Optical fiber tapers provide a unique and versatile platform for sensing. Tapers
can guide light while providing a relatively large evanescent field interaction length,
which can be exploited for interrogating an adsorbed specimen or surrounding medium.
In addition, their small size and strength, as well as their manufacturing ease and low
cost, make tapers useful and practical for various sensing applications.
In Figure 4-1, a diagram is shown indicating the different regions of a tapered
fiber. At the waist (center) of a tapered fiber, analytes can interact with a coupled laser
propagating through the taper as the evanescent field can extend several hundred
nanometers outside the taper diameter. Analytes that adhere to the taper can scatter light,
thus opening multiple avenues for performing sensing.

Figure 4-1 Diagram of a fiber taper used in spectroscopic particle sensing.
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4.1.1 Fiber taper based spectroscopy

In general, fiber taper based sensing is demonstrated using two types of
configurations; either by direct evanescent field interaction with an analyte, or by
functionalizing (i.e. modifying for enhanced purpose) the taper surface with molecular
binding sites. Surface functionalization can offer inherent chemical specificity by
choosing the desired molecular binding material that interacts with certain molecules
while ignoring others. However, this technique is limited in application, as it is thus only
sensitive to a particular molecule. Additionally, sensing performance may be inconsistent
due to variations in the type of functionalization applied across multiple samples.
On the other hand, non-functionalized fiber taper based sensing has been
extensively explored in several detection modalities as a fiber taper without added surface
functionalization is in many ways easier to implement. Several techniques have been
demonstrated, for example: surface absorption spectroscopy [Warken et al. 2007],
transmission measurement [Wiejata et al. 2003, Zibaii et al. 2010], and intra-fiber modal
interference spectroscopy [Tian et al. 2010]. Several of these methods claim some form
of chemical sensitivity, however through inferred measurements. Fluorescent fiber based
sensing [Wiejata et al. 2003] provides spectroscopic chemical selectivity, however the
sample medium must be labeled with fluorescent dyes or fluorophores.
Raman scattering spectroscopy is another commonly used sensing method, which
can detect target molecules through their vibrational “fingerprint” spectra. Several fiber
taper based sensing techniques have utilized Raman scattering for molecular detection.
These methods primarily focus on the Surface Enhanced Raman Scattering (SERS)
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approach, in which the taper surface is functionalized by adhering metallic particles
[Stoddart and White 2009, Bai 2011]. These techniques demonstrate label-free, highly
sensitive chemically specific specimen detection. However, a major challenge lies in the
control of the nanostructures on the functionalized taper surfaces across multiple sensors.
The nanostructures, hence the relative enhancement, can vary between each sensor,
which may require additional calibration and can impose added complexities in sensor
production.
Raman scattering, on the other hand, can be utilized directly as a label-free
method for chemically selective sensing without the aid of functionalized fiber tapers.
This method offers several advantages: (1) a tapered fiber is easy to produce and replicate
as a sensor, (2) the incident polarization can be fully controlled, (3) no sample
preparation is required. While the detected Raman signal is relatively weak due to the
typically small Raman scattering cross-section, this work proposes a new method for
enhancement by incorporating the fiber taper as part of a fiber ring-cavity. The Raman
signal is enhanced by the cavity build-up of the resonant laser pump power, providing an
alternative path towards sensitive chemical detection.
In this chapter, fiber taper based Raman scattering spectroscopy is investigated as
a label-free method for chemically selective sensing. Raman scattering signals from
microspheres adhered to a fiber taper interacting with the evanescent pump laser field are
studied along with Raman enhancement measurements by incorporating the fiber taper as
part of a fiber ring-cavity.
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4.2 Fabricating fiber tapers

While several methods have been demonstrated for precision tapering of optical
fibers, generally there are two types of methods used: heating and stretching an optical
fiber, or chemical etching of the optical fiber surface. While the latter method has its
merits and is often used for fabricating tapered fiber tip probes (e.g. [Gao et al. 1995]),
the heating/stretching techniques are more often used to create biconical fiber tapers as
they can be fabricated with relatively long lengths and uniform tapered regions. In this
work, the flame-brush technique is used to taper fibers (e.g. [Falciai and Scheggi 1989,
Birks et al. 1992]), however laser heating and pulling is also well demonstrated [Yokota
et al. 1997, Dimmick et al. 1999, Kakarantzas et al. 2001]. The flame-brush technique
utilizes a hydrogen torch for heating a small portion of an optical fiber as it is evenly
drawn from both ends over the flame. The tapering process and setup used in this work
are further discussed in this section.

4.2.1 Adiabatic tapering process

The adiabatic tapering process focuses on maintaining a uniform transition in
fiber diameter in order to obtain a small taper waist while maintaining high efficiency of
transmission through the fiber [Birks et al. 1992]. This can occur if the criterion for
adiabaticity is maintained [Love and Henry 1986]. Tapers which experience a more
adiabatic tapering have less loss (to either cladding or radiation modes) thus a higher
transmission of light. As described previously, a small diameter is need to ensure
sufficient exposure of the evanescent tail of the propagating mode. However, losses can
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arise from scattering centers which can occur from defects in the fiber such as impurities
or small cracks, or more commonly from cladding residue and dust left on a fiber after
preparing a fiber for tapering.

Figure 4-2 Adiabatic tapering ensures guidance of coupled laser light across the taper.

4.2.2 Hydrogen torch tapering

The heating/pulling method is utilized in this work to taper optical fibers. Tapered
fibers can be fabricated by using a hydrogen torch to heat a portion of an optical fiber,
such that it can be pulled from opposing ends to stretch, or taper, the softened portion of
the fiber. In our setup (Figure 4-3), an optical fiber is held in place by two fiber v-groove
clamps that are fixed to cantilevering arms which are driven individually by computer
controlled motorized stages. The optical fiber is stripped and cleaned of its protective
polymer coating to expose the cladding/core of the fiber in the region between the two
arms. A low-pressure hydrogen torch is then moved into position underneath the fiber,
between the two arms, and the computer controlled stages drive the arms in opposing
directions stretching the fiber as it is heated by the hydrogen flame. By controlling the
position of the fiber in the hydrogen flame along with the pulling speed, adiabatic
tapering of the fiber can be achieved. Typically, fibers can be drawn to diameters of
approximately 1 µm in diameter with a 3-5 mm uniform waist length and 80-90%
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transmission efficiency. Higher efficiency tapered fibers have been demonstrated using
similar methods for tapering (e.g. 99%, [Tong et al. 2003]). While the current setup
performed well for the demonstrations in this work, further optimizations to the pulling
process could produce higher efficiency tapered fibers.
The tapered fibers for this experiment are made using a visible wavelength single
mode fiber (SM600) stripped of its outer coating. Then, using alcohol and optical wipes,
the fiber is cleaned to the point of having very little residue left on the fiber. This is
verified by viewing the fiber through a microscope as shown in the photo in Figure 4-4
(and depicted in Figure 4-3). The portion of the fiber to be tapered was placed between
two fiber clamps, as seen in Figure 4-4. Once clamped into place a hydrogen gas flame is
introduced as the heating element for tapering. The optimal gas flame pressure and
position are experimentally found through previous fiber pulls. The softened fiber is
stretched by computer controlled actuators which pulled the fiber at 0.05 mm per second
for approximately 28 mm. During the pull, the end of the fiber is attached to a photodiode
which was connected to an oscilloscope to monitor the fiber transmission during the
tapering process (as shown in Figure 4-3). Fibers are typically tapered from a relatively
large 125 µm diameter (standard diameter of SM600 fiber with polymer coating
removed) down to roughly 1-µm in diameter.
During the tapering process the core and cladding merge together to become a single
index waveguide. However, when the fiber is still relatively thick and the core-cladding
merging is still occurring, the fiber can support multiple propagation modes (cladding
modes). The core modes interfere with the higher order cladding modes until the taper
has returned to diameter that can only support single mode propagation between the
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fiber-air interface. The interference can be seen on the oscilloscope in the form of
oscillations in the transmission readings. An example transmission plot is shown in
Figure 4-5 demonstrating the interference pattern observed during tapering. The period of
these oscillations become shorter and the amplitude tends to shrink as the interference
from the various modes is reduced. Pulling is continued until the transmission finishes
oscillating, signaling a return to a single mode propagating through the fiber. By
comparing the final power reading with the initial power reading observed at the end of
the fiber, the transmission efficiency of the newly formed taper is determined.

Figure 4-3 Diagram of the optical fiber tapering setup. A fiber (with polymer coating
stripped/cleaned) is placed in two fiber clamps attached to independent computer
controlled pulling stages. A laser source is coupled to one end of the fiber while the
output end is coupled to a photodiode for transmission monitoring. A hydrogen torch
with a gentle flame is moved into position to heat the fiber while the stages draw the fiber
in opposite directions. In addition to monitoring the transmission, the tapering process is
monitored by an imaging system.
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Figure 4-4 Photo of the fiber tapering stage, hydrogen torch, and imaging system.

Figure 4-5 Time elapsed transmission measurement from the output of a single mode
fiber as it is tapered down to approximate 1 µm in diameter. Interference from multimode
operation during the core-cladding merging is observed during the middle portion of the
pull. When single mode operation returns, the tapering process is manually stopped.
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4.3 Experimental Setup

In this section, the experimental setup for performing Raman spectroscopy of
adhered particles to fiber tapers is described. The Raman detection system and the
method for adhering particles to the fiber surface are discussed. A similar setup and
particle placement strategy are used for microresonator-enhanced Raman spectroscopy
described in Chapter 6.

4.3.1 Raman detection system

The experimental setup is shown in Figure 1, where a tapered optical fiber is
positioned with the taper waist located at the focal plane of a micro-Raman imaging and
signal collection system. The fiber taper was prepared as discussed in section 4.2. A
tunable diode laser was coupled to the fiber taper and a photodiode was used to monitor
the transmission through the taper. The imaging and Raman signal collection system
share a long-working-distance objective lens (Mitutoyo 50x Plan Apo, NA = 0.55, W.D.
= 13 mm) to collect and image the scattered signal from a particle adhered to the fiber
taper. A short pass filter with cutoff wavelength at 890 nm (Chroma 890SP) is used to
reflect the Raman signal to a spectrometer (PI Acton SP-2500i) while passing
wavelengths shorter than 890 nm for imaging on a charge coupled device (CCD) imager.
A long pass filter is positioned in front of the entrance slit of the spectrometer to further
filter residue pump laser light.
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Figure 4-6 Schematic diagram of the experimental setup where scattered signal from a
particle attached to a fiber taper is collected by a long working distance objective and
analyzed by a spectrometer.

4.3.2 Particle placement

Light propagating through a fiber taper can interact with the taper's surrounding
medium. Particles that come in close proximity or in contact with the taper will scatter
light which can be collected and measured by the setup described in the previous section.
To demonstrate this process, a method was developed to deliver particles to the surface of
a fiber taper. As shown in Figure 4-7, particles (microspheres for this work) are first dried
(in the case of dispersion in a solution) or deposited onto a glass slide where a fiber taper
probe can be swathed across the surface of the glass slide to collect several particles on
the probe tip. In this work, the probes were created by tapering a fiber using a fiber fusion
splicer which can be used to create a sharp fiber tip with ~1 µm diameter [Li 2011].
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Figure 4-7 Method for selecting particles and placement onto a fiber taper. First, a sharp
tapered fiber probe is used to collect several dry microspheres on its surface. Then the
probe is positioned on a three dimensional stage for precision guidance and delivery of
microspheres to the fiber taper.

Once the desired particles are collected on the tip of the fiber probe, the probe is attached
to a three-dimensional stage and moved into close proximity to the fiber taper. The probe
is then carefully maneuvered by the three-dimensional stage to deliver a particle to the
taper waist.
The procedure for attaching a particle to the fiber taper is further illustrated in
Figure 4-8. In Figure 4-8(a), for clarity in demonstration, a large 10 µm diameter
polystyrene (PS) microsphere is first attached by electrostatic adhesion to the end of a
fiber probe, and positioned near a fiber taper with a diameter of approximately 1-µm. The
fiber probe is then moved towards the taper to deposit the 10 µm polystyrene (PS)
microsphere onto the side of the taper (Figure 4-8b). The microsphere is held in place by
electrostatic force and remains quite stable on the taper. In Figure 4-8(c), a 2-µm
diameter microsphere is adhered to the fiber taper, and in Figure 4-8(d) adhesion of
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several 2-µm microspheres above and below the fiber taper is demonstrated. In each of
the images, the object blur in the top left corner is the out of focus fiber probe used for
microsphere delivery.

Figure 4-8 Series of images demonstrating single and multiple particle delivery. In (a), a
10-um microsphere is attached to a fiber probe and moved nearby a fiber taper; (b) the
10-um microsphere is attached to the fiber taper and held in place by electrostatic forces;
(c) a 2-um PS sphere is attached to a fiber taper; (d) several microspheres delivered to a
fiber taper.

4.4 Experimental results and discussion

The evanescent field that “leaked” out from the fiber taper can interact with the
adsorbed particles. In particular, the Raman scatter signal produced by the particles can
provide a molecule-specific “fingerprint” spectroscopic response to uniquely identify the
chemical composition of the adhered particles for label-free sensing. In this section,
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measurements of the Raman signal obtained while tuning the excitation wavelength are
shown, and the chemical selectivity of the technique is demonstrated by detection of two
different types of polymer microspheres adhered to a fiber taper.

4.4.1 Wavelength tuning

Raman spectra can be compared to known spectra of the particular sample
measured to verify its' spectral features, however interfering signals from other species
contained within the sample or scattered light from the outside environment (in addition
to signal noise) often create a complex spectra that is more difficult to analyze. Therefore,
one method to verify spectral peaks related to the measured sample is by utilizing
excitation sources at different wavelengths and the anticipated Raman shifts for the
spectral features can be calculated. In this work, a tunable diode laser was used as the
pump which allowed measurements to be obtained at several wavelengths between 755
and 780 nm.
The Raman signal collection system was first tested by adhering a 10 µm
diameter Poly-methyl methacrylate (PMMA) microsphere to a fiber taper in a similar
fashion as shown in Figure 4-7(b). The tunable diode laser was coupled to the fiber taper
and the power was maintained at 5 mW as the laser was tuned to four different operating
wavelengths between 755 - 778 nm, and at each point 30 second integration spectra
measurements were acquired. The measured spectra are shown in Figure 4-9. A signature
spectral feature of PMMA, which has a Raman shift of ~2960 cm-1 [Shi et al. 2010] is
observed to shift to longer wavelengths with increasing excitation wavelength. Also,
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from the figure it is observed that the relative intensity of the Raman peaks appear to
decrease at longer wavelengths. The decrease in Raman signal can be attributed to the
sharp degradation of spectrometer CCD detector efficiency approaching 1000 nm.
Furthermore, the laser intensity appears to increase as the laser is stepped to longer
wavelengths, despite the incident field being maintained at the same power level
throughout series measurement. This measured increase in detected laser signal is most
likely due to reduced blocking efficiency of the long pass filter as the laser approaches
the filter's cutoff wavelength of 810 nm.

Figure 4-9 (a) Spectra obtained for a 10 µm PMMA sphere adhered to a fiber taper. The
wavelength of the pump laser is tuned from 755-778 nm to demonstrate the presence of
the Raman signal. (b) intensity scaled portion of (a).
The Raman collection system was also demonstrated using two types of polymer
microspheres each with a 1 µm diameter. Figure 4-10(a) shows spectra obtained for a 1
µm polystyrene sphere adhered to a taper. A 3050 cm-1 Raman peak is observed as the
laser is tuned across several wavelengths, which represents a known characteristic Raman
feature for polystyrene (3060 cm-1 reported in [Shi et al. 2010, Shi et al. 2007]). The
wavenumber difference from the previous reporting is attributed to a misalignment in the
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calibration of the spectrometer or the selection of the pump wavelength to plot relative
Raman shift. In Figure 4-10(b), spectra is shown for a 1 µm PMMA microsphere attached
to a taper. A similar, but weaker spectral feature to that shown in Figure 4-9 is also
observed near 2960 cm-1 as the laser wavelength is tuned which correlates with previous
reportings of PMMA Raman spectra.

Figure 4-10 (a) Raman spectra obtained for a 1 μm polystyrene microsphere attached to a
fiber taper. In (b), spectra is shown for a 1 μm PMMA microsphere attached to a fiber
taper (curves shifted by 200 a.u.).

4.4.2 Chemical selectivity

Chemical selectivity of fiber taper based Raman spectroscopy is also
demonstrated in Figure 4-10 as the two different polymer microsphere's Raman spectral
features are detected. Figure 4-11 shows a comparison of a single acquisition of spectra
from a 1-µm diameter PS and a PMMA microsphere. During the experiment, the laser
was tuned to 765 nm and coupled power was maintained at ~6.5 mW. First, a 1-µm PS
sphere was adhered to the fiber and a 30 second integration spectra (red curve) was
collected exhibiting a similar 3060 cm-1 spectral feature shown previously. Next, the PS
microsphere was removed and a 1-µm-diameter PMMA microsphere was attached to the
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taper with similar pump conditions to the PS sphere measurement, and again a 30 second
integration spectral measurement was recorded (black curve). A distinctive PMMA
Raman peak centered at 2949 cm-1 was observed. These results clearly demonstrate the
label-free particle sensing capability of fiber taper based Raman spectroscopy.

Figure 4-11 Raman spectra obtained for 1 μm PS (red) and 1 μm PMMA (black)
microspheres attached to a fiber taper and aligned according to Raman shift (curves
shifted by 500 a.u.).

4.4.3 Presence of strong background in measurements

In each of the spectra shown previously, a strong background signal is observed at shorter
wavelengths between the measured Raman peaks and the breakthrough of the laser. Here,
the presence of this background is discussed in more detail. As in previous measurements
shown, Raman spectra is obtained from collecting the scattered signal from a 2-µm PS
microsphere attached to a fiber taper. To again verify the collected signal is indeed
Raman generated from the PS microsphere, plots are shown in Figure 4-12 where the
pump laser was tuned from 766.2 nm to 773.8 nm. The spectra were acquired on the
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spectrometer with integration times of 30 seconds. The coupled laser power to the fiber
taper at each wavelength was 8.6 mW and 10 mW, respectively. The figure shows while
the wavelength of the pump laser is tuned, the PS peak moves with the pump maintaining
a Raman shift of around 3050 cm-1. The broad background observed at shorter
wavelengths occurs from the presence of a strong silica Raman scattering background
that is generated from within the fiber taper and scattered by the microsphere, which
peaks at around 440 cm-1 (i.e., 13.2 THz) shown in Figure 4-13[Agrawal 2001, Stolen et
al. 1984]. The 810 nm long pass filter is used to observe more clearly the broad silica
Raman background, as shown by the overlapping curves (black) for each spectra in
Figure 4-12. Several of the silica Raman peaks at the longer wavenumber shifts remain
unfiltered and are apparent in the spectra. Therefore, the long-pass filter with cut-off
wavelength of 900 nm is used to filter, in addition to the pump laser, most of the broad
silica Raman background.
Since the microsphere used in our preliminary study is relatively large, forward
scattering is strong (in this case, defined as the radial direction from the contact point of
the microsphere on the taper through the center of the microsphere). For this reason, the
microsphere was placed on the side edge of the fiber taper and Raman signal was
collected in the upright direction to suppress the scattered silica Raman background. The
existence of this background may limit the sensitivity especially when measuring lowfrequency vibrational modes.
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Figure 4-12 Raman spectra obtained, (a) a 2-μm PS microsphere while shifting the pump
wavelength from 766.2 nm (red) to 773.8 nm (blue) with a 900 nm long pass filter in the
system. The overlapping black curves for each wavelength position were captured by
switching to a shorter long pass filter (810 nm) to demonstrate the existence of the silica
Raman background. The PS Raman peaks are labeled with their observed Raman shifts.

Figure 4-13 Figure adopted from Stolen et al. [1984] - Raman spectra of silica obtained
from laser propagation through a single mode optical fiber.
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4.5 Fiber ring-cavity enhanced Raman spectroscopy

Unlike in traditional Raman spectroscopy implemented by using a free-space
excitation beam, the use of a fiber taper for guiding the pump laser field naturally creates
a unique opportunity to “recycle” unused pump power by incorporating the taper into a
fiber ring resonator. The power of a resonant mode circulating inside the ring cavity can
be significantly enhanced, leading to enhanced Raman scattering from an adhered
specimen. In this section, fiber ring-cavity enhanced Raman spectroscopy is theoretically
and experimentally investigated as a method for further enhancement of the Raman signal
generated by adhered particles to the fiber taper.

4.5.1 Experimental results

A fiber ring resonator is implemented in the configuration shown in Figure 4-14,
which consists of a 50/50 fiber coupler (Thorlabs FC-780-50B) for coupling the tunable
laser to the cavity, a fiber taper, and a fiber polarization controller used to compensate for
fiber birefringence in order to maintain the polarization state after each round trip [Stokes
et al. 1982]. A photodiode is used to monitor the transmission and provides feedback
signal to lock the laser to a resonant frequency of the fiber cavity. By modulating the
laser frequency and simultaneously detecting the transmission signal with a lock-in
amplifier, the slope of the transmission spectrum can be determined. A control signal is
then applied to the tunable laser to lock its frequency to the minimum transmission
position (i.e., zero slope), at which a resonator mode is excited. Demonstration of the
frequency locking is shown in Figure 4-15, where a 2-µm PS microsphere is adhered to

71

the fiber taper similar to that prepared in the Raman sensing experiments previously
described. Due to the bulkiness of the cavity, the system is sensitive to the environment
perturbations, resulting in significant noise in the collected signal. In Figure 4-15, the
blue curve plots the transmission signal as the laser frequency is scanned by a piezo
actuator before the locking mechanism is activated. The figure shows several resonant
modes that span multiple free spectral ranges (FSR) of the fiber cavity. Frequency
locking is then activated using the configuration described in Figure 4-14. The
transmission signal is locked near its minimum value as is shown in the red curve of
Figure 4-15, indicating the excitation of a resonant mode.
After locking the laser to the resonance of the ring-cavity, fiber ring resonatorenhanced Raman spectroscopy is investigated. Spectral results are presented in Figure 416. During the experiment, a 2-µm PS sphere was adhered to the fiber taper. Coupled
pump power in the fiber was maintained at 2.75 mW and the micro-Raman collection
setup remained the same for each of the measurements. The Raman spectrum obtained
without the fiber ring resonator is given by the red curve in Figure 4-16. The blue curve
shows the Raman spectrum measured with the fiber ring resonator, but in this case the
frequency of the laser was constantly scanned rather than locked to demonstrate the
difference between scanning and cavity locking.
Finally, the laser frequency was locked to match a resonant frequency and the
measured Raman spectrum of the adhered PS microsphere is plotted as the black curve.
The comparison shows that approximately a 1.4 to 1 enhancement ratio is achieved in
signal over the background for the PS 3050 cm-1 Raman peak (located at approx. λ = 987
nm) and the collected scattered intensity of the laser (tuned to 761 nm) indicates a similar
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enhancement ratio. Also, the figure shows a larger signal when comparing the taper
design (red curve) to the resonator design when wavelength is scanned (blue curve),
however this is due to the difference in input power (the 50/50 coupler effectively
reduces the coupled power to the cavity). While these results indicate albeit a modest
enhancement factor in our proof-of-concept study, significant room exists for improving
the enhancement factor.

Figure 4-14 Schematic of fiber ring resonator and wavelength locking setup. The fiber
ring resonator is composed of a 50/50 fiber coupler, the fiber taper, and a polarization
controller.

Figure 4-15 Comparison of locking (red) and unlocked transmission time-series plots
(blue). The unlocked time-series was acquired while wavelength scanning.
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Figure 4-16 Comparison of Raman spectra is shown for a 2 µm PS sphere attached to a
fiber taper for the cases of wavelength locking (black), laser wavelength constantly
scanning in the cavity configuration (blue) and taper only excitation (red). Each spectra
was recorded using 2.75 mW input power and 30 second integration times.

4.5.2 Theoretical analysis of a fiber ring-cavity

To gain additional insight into the enhanced Raman scattering by a ring resonator,
the circulating power can be analyzed inside the ring cavity. Here, it is noted the related
study of fiber-based ring resonators has also been previously performed [Stokes et al.
1982, Heebner and Boyd 1999]. The relationship is considered between the complex field
amplitudes of the incoming (

,

) and outgoing (

,

) waves at the fiber coupler (see

Figure 4-14), which can be described by the following equation [Haus 1984]:
(4.1)
(4.2)
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where is the fiber coupler transmission coefficient, and κ is the associated coupling
coefficient. Note that b1 and b2 are related through round-trip propagation, i.e.,
, where

is the amplitude attenuation coefficient, L is the cavity length, and

is the round-trip phase delay. From this relationship and Eq. 4.1 and 4.2, it is
straightforward to show that,
(4.3)
(4.4)
where the substitutions of

has been made. To model the fiber ring resonator

configured for the experiment,
insertion loss of 10% (

, and

corresponding to a fiber coupler

,) as well as estimated losses within the cavity

(taper, scattering from adhered particle, in-line fiber polarizer, fiber splices) of 55%
were used. Using these conditional parameters, the simulation for the ring
resonator is shown in Figure 4.17 where the normalized powers associated with the
transmitted wave

and cavity circulating wave

relative power in cavity (b wave)
relative transmitted power (a wave)

2
Power (a.u.)

are plotted. Given the conditions
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Figure 4-17 Simulation of fiber ring cavity using parameters similar to experimental ring
cavity.
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associated with the experiment, the maximum attainable gain in cavity circulating power
shown in the simulation is approximately 1.78 at cavity resonance, which is comparable
to our experimental observation.
From Eq. 4.4, one can see that the circulating power (
enhanced by a cavity buildup factor
(

) inside a resonator is

compared with the input laser power

). Since Raman signal depends on the pump power linearly, it is therefore enhanced

by the same factor B. At resonance (

), for high-quality-factor resonators (

) it can be shown that the cavity-build-up is given by,

,

where in the approximation, the Taylor series expansion for

(4.5)

and

have been used.

4.6 Conclusion

This chapter has demonstrated a method for Raman spectroscopic sensing using
tapered optical fibers. Chemical selectivity is demonstrated by detecting the Raman
spectra of two different polymer microspheres adhered to a fiber taper with particle
diameters down to 1 µm. Resonator-enhanced Raman scattering spectroscopy was also
explored using a fiber taper as part of a fiber ring-cavity. A signal enhancement factor of
approximately 1.4 was observed as significant cavity losses limited attainable cavity
build-up factor. However, by optimizing the fiber ring cavity (i.e., reduce the loss) to
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increase the cavity build-up factor, sensitive, molecular-specific fiber taper based sensing
can be potentially achieved. One can infer based on the analysis presented in this chapter,
that Raman scattering has the potential to be significantly enhanced using resonators that
demonstrate ultra high-Q factors. Therefore a new method for performing Raman sensing
using a microresonator, that can provide Q factors up to ~108, is examined in the
following chapter as a new compact, label-free platform for chemical sensing.

77
Chapter 5

Microresonators as Platforms for
Implementing Raman Spectroscopy

5.1 Introduction

Optical microresonators, in particular whispering gallery mode microresonators,
have emerged over the last decade as extremely sensitive, compact sensors that have been
explored for their applications towards healthcare, pharmaceuticals, environmental
monitoring, defense and security [Vahala 2004, Matsko and Ilchenko 2006, Ilchenko and
Matsko 2006]. Additionally, microresonators have been demonstrated as useful devices
in other applications - high resolution spectroscopy, optical filters, frequency stabilizers,
and optical switching [Rabiei et al. 2002, Tapalian et al. 2002, Xu and Lipson 2007,].
Microresonator based sensing utilizes several key microresonator advantages, which are
primarily due to their high quality (Q>108) and small volume. First, microresonators are
capable of trapping a significant amount of light using low-power resonant pump lasers
(e.g. pump~1 mW, circulating power ~100 W) for an extended period of time
(~nanoseconds). Second, microresonators can confine the light energy in extremely small
mode volumes creating the high intensity circulating field. Third, the circulating light
within the resonator has an evanescent field that extends outside the resonator, similar to
the fiber taper sensor described in Chapter 4, and these can interact with the surrounding
medium or molecules on the resonator surface. The intense resonating mode can
therefore be exploited for strong light-analyte interaction which can be utilized for
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sensing through a variety of techniques. In this chapter, whispering gallery mode
microresonators and their application for sensing will first be reviewed, followed by an
introduction to particle sensing based on enhanced Raman scattering using
microresonators.

Figure 5-1 Diagrams of a whispering gallery mode traversing a resonator using rayoptics (left) and EM field theory (right).

5.2 Whispering Gallery Mode Microresonators

A variety of microresonator geometries have been developed in recent years that
utilize a whispering gallery mode designs, and several are extensively studied (e.g.
[Matsko and Ilchenko 2006, Ilchenko and Matsko 2006]). Several types of
microresonators have been demonstrated with extremely high quality factors (up to 108)
exceeding typical performance of conventional resonators designs such as Fabry-Perot
etalons. Microspheres were first demonstrated as extremely high quality microresonators
(Q~108) by melting the tip of a tapered optical fiber [Vahala 2003]. During the melting
process, the molten fiber tip is reshaped into a microsphere via the existing surface
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tension creating an extremely smooth resonator surface. Microspheres have also been
fabricated as liquid droplets [Bemeschiet al. 2011], and from additional polymers and
materials (e.g. [Martin et al. 2004, Dong et al. 2009]). Several other geometries of
microresonators are also demonstrated which include micro-cylinder [Chantada et al.
2008], micro-bottle [Junge et al. 2011], micro-disk [Soltani et al. 2007], micro-ring
[Chao and Guo 2002], and micro-toroid [Armani et al. 2003]. The micro-sphere, cylinder, and -bottle work well for proof of concept studies however they pose challenges
for mass-production as sensors. On the other hand, the micro-ring, -disk, and -toroid are
fabricated through standard photo-lithographically techniques where many devices can be
fabricated on a single chip (Chao and Guo 2006, Zhu et al. 2007, DeVos et al. 2007,
Yalcin et al. 2006] with similar characteristics. Additionally, the material properties of
these planar style microresonators can be modified by introduction of dopants in the
lithography process (e.g. see Chapter 4 in [He 2012]).
In this section, the basic concepts for utilizing microresonators, including quality
factor and coupling to microresonators, in particular microtoroids, are discussed.

Figure 5-2 Common types of whispering gallery mode microresonators - microsphere,
microdisk, and microtoroid.
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5.2.1 Quality factor

Quality factor or "Q-factor" is the figure of merit most often utilized for
characterizing and comparing microresonator performance. The Q-factor of a resonator
defines its energy storage capability, in relation to the loss mechanisms present in the
resonator. This can be represented as the ratio between energy stored and energy
dissipated per cycle in a microresonator. The ability of a resonator to store energy is
impeded by several loss mechanisms, which include losses due to material absorption,
scattering, radiation, and energy coupling. The first three loss mechanisms (absorption,
scattering, radiation) are device dependent and representative of a resonator's intrinsic
quality, and thus can be considered as the intrinsic quality factor (

) of a resonator. The

ability to couple energy into or out of a resonator defines its' extrinsic quality factor
(

),
(5.1)

A single microresonator can exhibit several resonant modes depending on the
coupling conditions (e.g. due to, input polarization, position on resonator, etc.). A typical
wavelength scan will reveal several different resonant modes of a microresonator. Each
resonant mode exhibits a slightly different linewidth, which can be correlated with the Qfactor of that particular mode. Thus, when characterizing the Q of microresonators, it is
sometimes more convenient to calculate the Q factor by measuring the linewidth (
angular bandwidth) of a coupled mode, which can be calculated as,

(or
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(5.2)
where

is the angular frequency of the mode. For example, a resonant mode located at

=780 nm (

and a measured linewidth of 10 MHz (
results in a Q for that particular mode of Q~3.8 107.

5.2.2 Coupling to microresonators

In order to harness the light storing capability of WGMs, several methods exist
for evanescently coupling light into and out of the devices. Prisms (total internal
reflection) [Gorodetsky and Ilchenko 1994], angle polished fibers [Ilchenko et al. 1999],
and waveguides are demonstrated coupling techniques. Rectangular waveguides have
been fabricated on-chip for coupling to micro-ring resonators [Chin and Ho 1998], while
fiber-tapers are extensively demonstrated for coupling to free-standing resonators [Knight
et al. 1997]. A fiber taper offers the ability to more accurately adjust the coupling to a
microresonator as it can guide the evanescent pump field to the resonator while its
position is manipulated. Fiber tapers are fabricated by heating and pulling a standard
optical fiber (described in Chapter 4), and diameters of ~1-µm are typically achieved,
which exposes the evanescent pump field to facilitate coupling. Transmission through the
fiber can be maintained at high efficiency as efforts have demonstrated greater than 99%
[Tong et al. 2003].
The position of the fiber taper in relation to the microresonator can affect the
efficiency for coupling. As mentioned in the previous section, the measured quality factor
of a microresonator is influenced by the coupling due to its dependence on the extrinsic
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Q. This variance in coupling can be determined by looking at the difference between the
intrinsic energy decay rate

and the external energy decay rate

. By adjusting the

fiber-taper-microresonator gap and incident polarization, phase matching can occur such
that

=

, which defines the critical coupling regime. When critical coupling is

achieved and the operating frequency of the laser is tuned to match a resonate mode of a
microresonator, nearly all the laser energy can be transferred to the microresonator. In the
other coupling regimes (under-coupling occurs when
achieved when

<

>

, while over-coupling is

), a reduction in the line-width (due to increased Qex) of the

resonant mode is observed in addition to reduction in coupling efficiency. A more
extensive understanding of the governing rate equation for coupling can be found in Haus
[Haus 1984].

5.2.3 Microtoroid resonators

A microtoroid resonator represents the blending of WGM microsphere and
microdisk fabrication technology to enable an on chip microresonator that has extremely
high Q (reported >108 [Armani et al. 2003]) and a highly confined mode. Since the first
microtoroid demonstration by Armani et al.[2003], microtoroids have been used to
explore a variety of applications including nonlinear phenomena study, microcavity
lasers, and cavity opto-mechanics (e.g. [Kippenberg 2004]). Microtoroids are also
extensively demonstrated as platforms for sensing [Vollmer and Arnold 2008], due to
their small size and high-Q as well as their efficient means for mass production.
Microtoroids have been demonstrated as sensors for environmental monitoring (e.g.
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temperature, humidity - see review in [Zhu 2011]), as refractive index sensors [Sun and
Fan 2011], and as nanoparticle detectors [Zhu 2011]. In this work, microtoroids are used
as platforms for performing Raman based particle sensing.
The fabrication process of a microtoroid begins by creating a microdisk using
standard photolithography and gas etching (often XeF2 [He 2012]). Once the microdisk is
formed, a CO2 laser is focused on the microdisk, heating and reflowing the edge of the
disk. Similar to the creation of a microsphere, the surface tension on the edge of the
molten silica disk retracts and forms an extremely smooth cylindrical shape around the
edge of the disk. While similar in surface quality to the microsphere, the microtoroid
shape creates a more highly confined structure. This allows greater confinement of the
energy of a resonant mode near the surface of a microtoroid in comparison to the
microsphere. For example, a toroid with a 40 µm major diameter and 5 µm minor
diameter (see Figure 5-5) has a total volume of < 270 µm3, where a 40 µm diameter
microsphere has a volume of 471 µm3 [He 2012].

Figure 5-3 Images of microtoroid resonators. Left, an SEM image of microtoroid. Right,
a bright field microscope image of a microtoroid with a fiber taper out of focus in the
foreground.
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Figure 5-4 SEM image showing a line of several microtoroid resonators fabricated on a
single chip.

Figure 5-5 Diagram explaining configuration of a microtoroid. The major diameter spans
the entire width of the top disk while the minor diameter corresponds to the cylindrical
shape (toroid) circling the disk.
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5.3 WGM microresonator based sensing

WGM Microresonators can trap light in extremely small volumes for an extended
period of time due to their low loss structures. The high intensity resonating field within
the microresonator enables strong interaction between light and objects placed within the
cavity mode volume. The mode volume can extend several hundred nanometers outside
the physical dimensions of a microresonator enabling enhanced interaction with surface
analytes. Also, in contrast to traditional linear waveguides, where the sensor interaction
length is essentially limited to the length of the device (such as the fiber taper based
sensor explored in Chapter 4) a microresonator can enable extended effective interaction
length allowing for extremely sensitive sensing due to the relative enhancement of light
intensity at the surface. The effective interaction length can extend for a few tens of
centimeters or even longer [Vahala 2004].
Microresonators are well demonstrated as versatile platforms for sensing
harnessing their large Q factor and circulating nature of light to perform sensitive
detection of chemical and biochemical analytes. Microresonators can provide
nanoparticle sensitivity levels for chemical and biosensing (e.g. detection of DNA,
proteins, viruses, bacteria reviewed in [Vollmer and Arnold 2008]). Volmer and Yang
[2012] and Sun and Fan [2011] further provide comprehensive reviews of capabilities of
the wide variety of microresonator based sensing techniques.
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5.4 Raman scattering particle sensing using WGM microresonators

The label-free, chemically selective capability of Raman scattering based
spectroscopy, which is extensively reviewed in Chapter 2 of this dissertation, is applied
as a new method for particle detection using WGM microresonators. In this section, the
motivation and theory for Raman based microresonator sensing is discussed.

5.4.1 Introduction

Raman spectroscopy can provide molecule-specific detection of particles adhered
to the surface of microresonators. While several methods for WGM microresonator
sensing also provide molecular specificity, as discussed in the previous section, Raman
spectroscopy also offers the capability to uniquely identify adhered particles via analysis
of the chemical "spectral fingerprint," which are indicative of the molecules of interest
for detection, in contrast to fluorescence detection where the signal is generated from
flourophores bound to the sample.
Raman scattering is usually very weak due to its rather small differential
scattering cross-section, as discussed in Chapter 2. The small scattering cross-section has
limited usefulness in sensing, as many Raman spectroscopy applications require a
relatively high power pump laser to generate sufficient signal, and sensitive detector
systems for signal collection and analysis. Coherent Raman spectroscopy techniques (as
detailed in Chapter 2) offer orders of magnitude improved sensitivity while providing
similar capabilities for label-free molecular specific sensing; however, the requirement
for multiple excitation beams and complex system geometries limit their usefulness in
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compact sensor applications (possible solutions to utilize these systems are proposed in
Chapter 7). WGM microresonators can provide extremely intense light fields at their
surface using low laser pump powers enabling the capability for significant signal
enhancement. The strong circulating power within a microresonator effectively alleviates
the need for a high power pump laser system.
Other Raman enhancement techniques, such as surface enhanced Raman
scattering (SERS), have demonstrated significant enhancement of spontaneous Raman
signal for sensing applications. WGM resonator sensing has been described and
demonstrated using SERS to locally enhance analyte interaction with the resonating
pump field [Ausman and Schatz 2008, White and Fan 2005]. In White and Fan [2005],
silver collidal particles dispersed in an RG6 solution provided local field enhancement
near a microsphere submerged in the solution, increasing the detected Raman signal by a
factor of ~2.8x102 over SERS signal acquired from a comparable configuration without
an active microsphere.
Microresonator based Raman sensing presented in this work utilizes the pure
resonant mode to enhance Raman signals. A significant advantage of this method is that
the optical modes in microresonators, in particular microtoroids, are highly controllable
and reproducible. Microtoroids fabricated on the same chip tend to have similar resonant
frequencies and quality factors. In addition, each microresonator can be accurately
characterized in situ before utilizing as a Raman sensor.
The ability to fully control and characterize the optical mode makes
microresonator enhanced Raman ideal for quantitative analysis of adhered particles, such
as for measuring the concentrations of target molecular species. Furthermore, integration
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of enhanced Raman sensing with microresonators and other resonator sensing methods
(e.g., quantitative detection through absorption, mode-splitting [Zhu 2011] mentioned in
previous section) would allow for complete physical and chemical characterization to
detect, indentify and measure particles.

5.4.2 Cavity Buildup

Particles adhered to the surface of a high-Q microresonator interacting with the
resonant circulating mode within the resonator will experience orders of magnitude
effective higher intensity compared to the intensity of the coupled pump laser. This is due
to the longtime presence of circulating photons, which can buildup within the
microcavity. The buildup factor (B) therefore relates the effective resonating power
within the cavity Pc to the input power Pin (

The buildup factor for

microresonators can be derived from the more general equation for ring-cavities given in
Eq. 4.5, by substituting expressions for the intrinsic and extrinsic Q's (

and

respectively) of a microresonator [Haus 1984],
(5.3)

(5.4)

where

is the group velocity,

is the cavity length, and

frequency. The buildup factor can then be written as,

is the mode angular
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(5.5)

where

is the cavity free spectral range (or FSR), which for microresonators is

approximately given by,
(5.6)
If critical coupling is achieved (

=

) at resonance (

), the buildup factor can

expressed as,
(5.7)
where is the vacuum wavelength, n is the refractive index, R is the radius of the
microresonator. Similar expressions for buildup factor are previously reported in other
works(e.g.[Haus 1984]). Equation 5.7 indicates that a resonator with a Q-factor of ~108,
achievable with microtoroid microresonator, and a diameter of 40 µm (also
n=1.45,

780nm), when driven at resonance with critical coupling, can achieve a

buildup factor of

105. Since Raman scattering signal scales linearly with excitation

power, it potentially can be enhanced by the same buildup factor.
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Chapter 6

Experimental Investigation of
Resonator-Enhanced Raman Spectroscopy

6.1 Introduction

In this chapter, resonator-enhanced Raman spectroscopy is explored as a new
paradigm for resonator-based particle detection that utilizes Raman scattering to provide
intrinsic molecular specific detection. Scattered Raman signals are collected from
particles adhered to microtoroid microresonators which are resonantly pumped by a
tunable laser. As discussed in Chapter 5, the circulating pump photons within a microcavity allows for significantly enhanced interaction with the adhered particle leading to
an increase in the collected Raman signal. Here, the experimental setup is described and
Raman spectroscopy results from particles adhered to high-Q microtoroid
microresonators are discussed.

6.2 Experimental Setup

The system used to perform resonator-enhanced Raman spectroscopy
measurements, including the imaging and signal collection setup, the tunable diode laser,
wavelength locking system, and method for attaching particles to microtoroid
microresonators, is described in detail in the subsequent sections.
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6.2.1 Imaging and Raman signal collection system

An imaging and signal collection system, depicted in a diagram in Figure 6-1, was
constructed to simultaneously monitor the taper-microtoroid coupling position while
collecting scattered signals from particles adhered to the microtoroid surface. This system
is similar to the micro-Raman system constructed for taper Raman measurements
described previously (see Chapter 4 for additional detail). Briefly, a long-working
distance objective lens is used for both signal collection and imaging in the vertical
direction. As discussed earlier, an adsorbed particle can scatter photons inelastically.
Collected signals scattered from particles adhered to microtoroids are collimated by the
objective lens and directed through a long pass filter (cut-off 900 nm) to a spectrometer
for analysis.
The microtoroids are evanescently coupled to a fiber taper, which is pumped by a
tunable diode laser (755-785 nm tuning, <130 kHz linewidth). The polarization state of
the laser can be optimized for coupling into a microtoroid by an in-line fiber based
polarization controller, as the frequency of the laser is tuned to excite a high-Q mode in a
microresonator. The transmission of the fiber taper is also monitored, and can be used as
a feedback signal to lock the laser to the resonant frequency of the microtoroid. This
locking mechanism is further described in Section 6.2.3.
To couple into a microtoroid, a wafer chip containing a line of microtoroid
resonators (see diagram in Figure 6-1) is carefully positioned onto a cover glass slide
which is attached to a coarse adjust five-dimensional stage and the chip is raised into a
position near the fiber taper slide (see photos of system in Figure 6-2 and Figure 6-3).
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Horizontal and vertical imaging systems are simultaneously used to select a desired
microresonator and position it for coupling to the fiber taper. Once a microtoroid is
positioned near the taper, the gap between the fiber taper and microtoroid is controlled by
a modified differential three-dimensional stage, which is attached at the base of the
coarse positioning five-dimensional stage, and has added piezo actuators in the Y
(direction perpendicular to taper, parallel to optical table) and Z (perpendicular to optical
table). By manually tuning a piezo high voltage power supply, which separately supplies
voltage to the piezo actuators (travel ~12 µm), the vertical and horizontal positioning of
the microtoroid can be controlled with high precision. The fiber-taper-microtoroid
coupling can be adjusted as desired (described in Chapter 5), however it frequently

Figure 6-1 Schematic diagram of the experimental setup (similar to setup described in
Chapter 4) for collecting scattered signal from particles adhered to microtoroids. The
fiber taper is coupled to a tunable diode laser and transmission is monitored for
monitoring toroid modes and for wavelength locking.
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requires additional adjustment as the coupling is extremely sensitive to environmental
perturbations. A plexi-glass enclosure was installed around the signal collection system to
reduce influence of air currents. Also, the air circulation within the room was powered
down along with unnecessary electrical equipment to further reduce environmental noise
(reduce air-flow from equipment cooling fans).

Figure 6-2 Photo of the microRaman collection system. (a) signal path to spectrometer,
(b) beam direction and long pass filter assembly, (c) tube to vertical imaging camera, (d)
in-line LED illuminator, (e) laser alignment port, (f) signal collection objective lens, (g)
fiber taper rig, (h) three-dimensional stage for particle delivery, (i) three-dimensional
precision positioning stage for adjusting taper-toroid coupling.
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Figure 6-3 A closer view of the fiber taper and the microtoroid chip being positioned for
coupling.

6.2.2 Tunable laser system

In order to locate and couple to a resonant mode of a microresonator, tuning of the
pump laser frequency across the free spectral range of the microresonator is required. The
tuning required can span several nm (e.g. 60 µm dia. resonator at 780 nm, FSR ~ 3 nm).
Additionally, for high-Q microresonators, the resonant modes can have very narrow
linewidths (e.g. <10 MHz for Q~108 at 780nm). To excite a particular resonant mode
within the microresonator, the pump laser should have a linewidth equal to or narrower

95

than the resonator mode. Therefore, these requirements of sufficient frequency tuning and
narrow linewidth, impose certain limitations on the types of laser systems that can be
used for coupling to microresonators.
An external cavity diode laser (ECDL) is one type of laser system that offers wide
tuning capability and a very narrow laser linewidth. ECDLs were first described in an
etalon configuration by Voumard [1977] and several other configurations followed (e.g.
[Littman and Metcalf 1978, Flemming and Mooradian 1981, Arnold et al. 1998]; also see
review [Zorabedian 1995]). ECDLs are used in a variety of applications, and are often
used in absorption spectroscopy where sufficient tuning is required to scan across
particular absorption lines and to determine molecular content of gases. A similar
approach is used to locate and couple to the resonant modes of microcavities, and
therefore ECDLs are extensively used in microresonator applications and are also
employed in this work.
ECDL used to perform the experiments in this work is a Thorlabs configurable
Littman laser (TLK-780M) which can tune approximately 30 nm from 755-785 nm and
has a typical linewidth of <130 kHz. The laser diode within the ECDL is supplied by a
constant current power source which is typically operated between 80-140 mA. The
ECDL has two mechanisms for tuning; a computer controlled actuator for coarse tuning
across the entire tuning range of the ECDL (~755 - 785 nm), and a piezo actuator for fine
tuning (7 pm/ µm displacement). The piezo-actuator is driven by a high-voltage piezo
power supply. Each actuator operates using open-loop control. Figure 6-4 shows a photo
of the laser system. The ECDL beam reflects off two steering mirrors and passes through
an optical isolator before it is free-space coupled by a 20x objective lens (NA=0.40) into
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an optical fiber. The isolator removes unwanted optical feedback which can de-stabilize
the operation of the ECDL.

Figure 6-4 Photo of the tunable ECDL laser system. The tunable diode laser output beam
is directed via two mirrors through a half-wave-plate and Faraday isolator to eliminate
back reflections that may interrupt operation of the laser. The beam is then fiber coupled
by focusing through an objective lens. A sound isolating cover normally is placed over
the ECDL laser.

6.2.2.1 Extended Mode-hop free tuning range

Although ECDLs offer significant wavelength tuning capability, they often
exhibit fluctuations in power at particular modes as the laser is tuned. This fluctuation is
most often due to mode-hoping, where small changes in the cavity length cause the laser
to hop from one cavity mode to another results in a sudden change of frequency, limiting
continuous frequency tuning capability [Nayuki et al. 1998]. In ECDLs, mode hoping
occurs due to the mismatch between mode propagation in the laser diode gain chip and
the external cavity (space between gain chip and return mirror). In order to suppress
mode-hoping, as the cavity is lengthened (or shortened) during tuning the wavelength of
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the ECDL, the external cavity length should change proportional to the internal cavity of
the gain chip [Führer and Walther 2008]. This is often controlled by precision placement
of the cavity "pivot" point for Littman style ECDLs [Littman and Metcalf 1978]. If the
external cavity changes too quickly, the ECDL will mode-hop to another cavity mode
that better satisfies the cavity conditions.
Most ECDL systems are carefully designed to mitigate the mode-hoping effect.
However, when tuning across an extended range of wavelengths mode-hopping becomes
inevitable as the phase mismatch becomes too large between internal diode and external
cavities. To further compensate for this mode-hopping effect, the ECDL utilized in this
work employs a simple diode current feedback control system, which works in a similar
fashion to other demonstrated methods (e.g. [Nayuki et al. 1998, Gerginov et al. 1998]).
A diagram of the feedback system is shown in Figure 6-6, where a function generator that
is used to drive the piezo actuator in the ECDL is synced with a separate function
generator which drives the current controller of the ECDL diode gain chip. By varying
the current within the gain chip, the effective refractive index of the chip is modified.
Thus, by varying the tuning rate of the internal cavity length is varied in comparison
(chose a working amplitude of the function generator) to the linear tuning of the external
cavity length. This technique significantly extends the mode-hop free tuning of the
system; mode-hop free tuning of greater than 25 GHz has been achieved. The tuning
range could be further, but is limited by the range of the piezo actuator in the ECDL.
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6.2.3 Wavelength locking

A wavelength locking mechanism was implemented in order to lock the laser on a
desired microresonator mode. By locking the laser wavelength to the cavity resonance,
particles adhered to the microresonator surface can continuously interact with the
circulating cavity field. Several methods for wavelength locking have been welldemonstrated elsewhere (e.g. [Carmon et al. 2005]).
When a microresonator is positioned near a fiber taper for coupling to a resonator
mode, the pump laser is first continuously scanned. In order to find a microresonator
mode, the pump laser wavelength is scanned across several free spectral ranges of the
resonator. Typically, once a desired resonant mode of a microresonator has been located
by coarse tuning of the operating wavelength of the laser, the mode is characterized by
continuous fine-tune scanning of the laser wavelength and monitoring the transmission of
the laser on an oscilloscope display. This method allows optimization of the physical
coupling (taper-toroid gap, polarization) of the resonant mode. Once the desired coupling
is achieved, the laser system control is switched to a computer controlled wavelength
locking hardware operated by a LABVIEW algorithm.
The LABVIEW program utilizes the output from a lock-in amplifier and the
photodiode used to monitor the transmission from the fiber taper to control the laser
operating wavelength. The wavelength locking hardware is shown in Figure 6-5 and a
hardware flow diagram in Figure 6-6. The LABVIEW program tracks the resonance
mode of the microresonator by adjusting the laser operating wavelength (see, Figure 6-7).
This technique differs from other demonstrated methods for locking to a microresonator
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in that it tracks the movement of the microresonator mode (due to thermal drift, etc.) and
adjusts the laser wavelength accordingly as opposed to locking the laser to a particular
wavelength.

Figure 6-5 Photo of hardware controls for microresonator sensing. Please excuse the
untidiness of the BNC cables interconnecting the devices. (a) Monitor for viewing
microtoroid, (b) laser controllers and piezo voltage controllers, (c) oscilloscope for
monitoring modal coupling, (d) lock-in amplifier, (e) control switches, (f) function
generators, (g) computer for acquiring data and implementing computer controlled
wavelength locking.
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Figure 6-6 Flow chart of the hardware used to perform wavelength locking. The control
switches allow for manual switching from wavelength scanning to computer controlled
wavelength locking.

Figure 6-7 Schematic diagram illustrating wavelength locking to resonant mode. The
laser is first scanned to find a resonant mode, then wavelength locking is activated to
track the resonant mode as it drifts due to microtoroid thermal oscillations and
environmental instability of the coupling. The wavelength locking system maintains
coupling to a resonant mode such that a maximum in energy transfer to the microtoroid is
achieved (minimum transmission observed from fiber taper output).
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6.2.4 Placement of particles on microresonators

Raman spectroscopy of particles adhered to microresonators measurements is
conducted in a similar fashion to the taper based particle detection described in Section
4.3.2. Micro-particles are electrostatically adhered to fiber taper probes which are used to
deposit single particles onto the surface of the microtoroid resonator. While other
methods exist for simulating the conditions for particle detection (e.g. DMA sorting
particle depositors used in [Zhu 2011]), taper probe placement works for particles down
to 1 µm in diameter. In addition, the method used allows controlled manipulation of
particle position on the surface of the microresonator. The particle can be placed and
removed several times in the same location by using a taper probe (particle delivery
depicted in Figure 6-8 and shown in Figure 6-9).

Figure 6-8 Diagram demonstrates the positioning of a particle on a microtoroid. Signal
collection is from the top of the figure. Experiments determined that for the larger
microspheres (down to 1-µm dia.) positioning on the side of the microtoroid allowed for
most desirable signal collection and suppression of the silica Raman background.
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Figure 6-9 Image shows particle attachment to a microtoroid. A single 1-µm polystrene
microsphere is adhered to the side wall off the toroid via delivery from a tapered probe.
The toroid in the image is approximately 35 µm in diameter.

6.3 Experimental results

This section describes the experimental investigation of Raman scattering from
microparticles adhered to the surface of a microtoroid microresonator. Here, a
microtoroid, approximately 80 µm in diameter, was evanescently coupled to a tapered
optical fiber which guided the laser pump field to the microtoroid. A 2-µm polystyrene
microsphere is then delivered to the surface of the toroid as described in section 6.2 to
interact with the circulating pump field within the microresonator. The 2-µm size sphere
is selected to provide sufficient scattering signal and determine the existence of Raman
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peaks associated with known spectra of a polystyrene microsphere. Figure 6-10(a) shows
measured spectra when the pump laser was tuned to near 759 and 766 nm, respectively.
At each wavelength location, low-Q modes of 103-104 were selected and the fiber taper
was brought in contact with the surface of the toroid operating in the over coupling
regime. As can be clearly seen, when the pump wavelength is shifted, the wavelength of
the Raman signal is shifted accordingly. The relative frequency shift, on the other hand,
is independent of the pump wavelength as shown in the inset of Figure 6-10(a). A
signature Raman peak for polystyrene at 3060 cm-1 can be observed, which agrees with
the previous measurements in this dissertation for polystyrene. During the measurements,
the laser was set to scan across the resonant mode at 60 Hz (by using a piezo actuator)
with approximately 12% of the scan on resonance (duty cycle - 12% of scan on portion of
resonance mode, 88% off resonance). For each of these cases, pump power propagating
(
a)

(
b)

Figure 6-10 (a) Raman spectra for a 2-µm polystyrene microsphere attached to a
microtoroid. The pump wavelength is moved between two toroid resonant modes at 759
and 766 nm (300 sec and 180 sec integration times, respectively) . The inset demonstrates
the characteristic Raman peak for polystyrene is independent of the pump wavelength. In
(b), wavelength locking is activated significantly reducing the integration time required to
observe Raman signal (30 sec).
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through the fiber taper was set to approximately 7.5 mW. For the spectra acquired at 759
nm pump (blue curve), an integration time of 300 seconds was used and the 766 nm
pump (red curve) spectra was acquired using 180 second integration. Wavelength locking
was then activated and the spectra in Figure 6-10(b) was acquired, demonstrating a more
efficient Raman signal acquisition with a 30-second integration period at a pump
wavelength of 763.5 nm.
In the results shown in Figure 6-10, a significant background signal is observed
underlying the polystyrene Raman peaks. This can be attributed to scattering of the silica
Raman generated in the microtoroid, in a similar fashion to the silica Raman generated by
the fiber taper in Chapter 4. The long-pass filter with cut-off wavelength of 900 nm,
which is used to filter the pump laser (with some breakthrough observed in the spectra),
also filters most of the generated silica Raman which is peaked at around 440 cm-1 (i.e.,
13.2 THz).
The existence of this background may limit the sensitivity when measuring lowfrequency vibrational modes. The microsphere used in our preliminary study is relatively
large, and forward scattering is strong. For this reason, the microsphere was placed on the
outer edge of the microtoroid and Raman signal was collected in the upright direction
(i.e., perpendicular to the toroid plane) to suppress the scattered silica Raman background
as discussed in section 6.2.4.
The sensitivity of the experimental system is investigated using a 1-µm
polystyrene microsphere placed on a microtoroid. The 1-µm microsphere has a
significantly reduced scattering volume compared to the 2-µm microsphere (1/8). A
mictrotoroid resonant mode with Q~106-107 was selected for use, while the taper-toroid
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gap was maintained slightly undercoupling (away from critical) as the taper tended to be
easily drawn towards the surface of the toroid during these measurements. In Figure 611(a), the mode is shown before placement of the microsphere. The negative scan
frequencies indicate down-scan of the pump laser wavelength, while the scan positive
frequencies indicate up-scan of the pump laser wavelength. The difference in shape (up
scan versus down scan) and the sharp dip coupled with oscillations on the resonant mode
can be attributed to thermal fluctuations [Carmon et al. 2004] due to the high power
coupled to the high-Q mode of the resonator (~5 mW pump power). In Figure 6-11(b),
the same mode is shown after placement of the 1-µm microsphere. Here, a significant
drop in the Q is observed (Q~5x104) due to a reduction in the intrinsic Q from additional
scattering losses from the microsphere.
(

(
a)

b)

Figure 6-11 In (a), a microtoroid mode is shown for down-scan (negative frequencies)
and up-scan (positive frequencies) of the pump wavelength and in (b), the same modes
after a 1-µm polystyrene microsphere is placed on the microtoroid.
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With the 1-µm microsphere deposited on the surface of the microtoroid,
wavelength locking was engaged for the resonant mode (at approximately 761.6 nm)
shown in Figure 6-11(b). The wavelength locking tracked the mode at a coupling
efficiency of approximately 60% (the percent of optical power coupled from the fiber
taper to the resonator) for all the data captures presented in the subsequent figures. Figure
6-12 shows spectra obtained from a 30 second integration of the collected signal. The
long pass filter was switched to a filter with a pass band greater than 800 nm to observe
the generation of a greater portion of the silica Raman spectra while still suppressing the
pump laser. In Figure 6-12(a), the features of the silica Raman can be observed at less
than 2000 cm-1 while much weaker signature Raman peaks of polystyrene are observed
near 3060 cm-1. Figure 6-12(b) shows a zoomed in portion of the spectra in (a), where the
Raman peaks are more easily observed.
To further investigate the sensitivity for detection, much shorter signal acquisition
times were used for recording spectra reported in Figure 6-13 and Figure 6-14. In Figure
6-13, similar spectral signatures for polystyrene are distinguishable from the background
with only 5 seconds integration. Several spectra are overlaid in the figure to demonstrate
the repeatability of the measurement. Figure 6-14 shows four spectra acquired using 2
second integration periods. Raman peaks for polystyrene are observed barely above the
background noise, however are difficult to discern from the background for repeated
measurements. This fluctuation can be attributed to variations in wavelength locking and
taper-toroid coupling over such a short time span.
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(
a)

(
b)

Figure 6-12 Raman spectra obtained from a 30 second integration (5 mW coupled pump
laser) of signal from a 1-µm polystyrene sphere placed on a mictrotoroid. The plot in (b)
shows a zoomed in portion of (a), where the characteristic Raman peaks for polystyrene
are easily observed. Pump laser locked at 761.6 nm.
(

(
a)

b)

Figure 6-13 Raman spectra obtained from a 5 second integration (5 mW coupled pump
laser) of signal from a 1-µm polystyrene sphere placed on a mictrotoroid. Three separate
data sets are overlaid to demonstrate repeatability of signal collection. The plot in (b)
shows a zoomed in portion of (a), where the characteristic Raman peaks for polystyrene
are observed near 3060 cm-1. Pump laser locked at 761.6 nm.
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Figure 6-14 Raman spectra obtained from a 2 second integration (5 mW coupled pump
laser) of signal from a 1-µm polystyrene sphere placed on a mictrotoroid. The arrow
indicates on each spectra where the characteristic 3060 cm-1 Raman peak of polystyrene
is located. The Raman peak is difficult to discern from the background at this short of
integration time. The pump laser was locked at 761.6 nm.

6.4 Discussion and Summary

This chapter discussed the experimental investigation of Raman signal generation
from microparticles adhered to a microtoroid resonator. The experimental system was
described in detail, including the signal and image collection system, tunable diode laser
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system, and computer controlled wavelength locking system. The method for depositing
microparticles, to the surface of the toroid, adapted from Chapter 4 was discussed.
The experimental results demonstrated the ability to excite Raman scattering from
microspheres adhered to the surface of the microtoroid. This indicates the particles
interacted with the circulating resonate mode of the microtoroid. Signature Raman peaks
from signal generated from 1-µm polystyrene microspheres with repeatable
measurements made with acquisition times as low as 5 seconds.
The presence of the strong silica Raman background is also shown to limit the
sensitivity and the capability for detection at lower frequency vibrational modes.
However, the silica Raman background is Rayleigh scattered by the adhered
microparticle. Therefore, it is noted that Rayleigh scattering signal is proportional to
(where

is the diameter of the particle,

proportional to

) while the Raman signal is

(since spontaneous Raman scattering is an incoherent process,

Raman signal intensity produced by different parts of the particle (e.g., different
molecules) add up linearly, see, e.g. Eq. (1) of ref. [Schweiger 1991]). As a result, the
Rayleigh-scattered silica background decreases much faster than the Raman signal as
particle size reduces. The Rayleigh scattering also exhibits a more uniform angular
pattern. Therefore, for nanoparticle detection the Rayleigh scattered component
significantly reduces with decreasing particle size in comparison to the particle generated
Raman scattering.
Furthermore, the resonant modes utilized in this work do not fully take advantage
of the capability of high-Q microtoroids. Typical Q of the modes used in the
measurements were approximately 104-105, which is far less than that of a high-Q toroid
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mode (107-108). The lower Q modes have broader line widths, and the selection of these
modes was done in part to achieve easier wavelength locking. However, this significantly
reduced the anticipated build-up factor for the taper-toroid coupling system and reduced
the sensitivity of the system. Additionally, the coupling to the resonant modes was not
optimal, reducing the amount of energy transferred to the resonator (60% in the 1 μm
particle measurements). Near 100% coupling efficiency can be achieved for critical
coupling. Also, the detection hardware can be greatly improved. The spectral sensitivity
of the CCD detector for the spectrometer drops off significantly at the wavelengths used
for detecting the Raman signal (~20% quantum efficiency). Despite these shortcomings
of the experimental setup, the work demonstrated here shows significant promise for
resonator-enhanced Raman sensing.
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Chapter 7

Conclusions and Future Work

7.1 Conclusions

The objective of this dissertation was to explore processes for novel Raman
techniques to perform label-free biological imaging and particle sensing. Two unique
investigations were conducted: (1) a method for combining CARS with holography that
can capture both the amplitude and phase of the CARS field of a sample in a single laser
shot, and thus perform label-free bio-imaging, and (2) a method for particle sensing
which utilizes a microresonator cavity build-up to increase the Raman scattered signal
from particles that come in contact with the resonator surface. The conclusions for each
are discussed as follows.
Demonstrations of CARS holography successfully showed its viability to perform
non-scanning chemically selective 3D imaging. In addition to reconstructing the intensity
distribution at different depths in a sample, CARS holography also captures the phase
information, which is not available in the wide-field CARS imaging modality. This
allows tomographic reconstruction through advanced digital processing, such as with
compressive holography (demonstrated in [Xu et al. (2010]).
The imaging results on live HeLa cells indicate that CARS holography is useful
as a practical tool for 3D cellular imaging. The same HeLa cells are sustained and remain
viable for the duration of a measurement period (10's of minutes); thereby demonstrating
the unique ability of label-free studies of sub-cellular components in live specimens.
Furthermore, with the added capability of single-shot imaging, CARS holography
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provides an opportunity to image fast occurring biological processes at laser pulse
duration limited speed.
This dissertation also demonstrates a method for Raman spectroscopic sensing
using tapered optical fibers. Chemical selectivity is provided by measuring the Raman
spectra of two different polymer microspheres (polystyrene and PMMA), with particles
of diameters down to 1 µm adhered to a fiber taper. Resonator-enhanced Raman
scattering spectroscopy was also explored using a fiber taper as part of a fiber ring-cavity.
A signal enhancement factor of only ~1.4 was achieved, as significant cavity losses
limited the attainable cavity build-up factor. However, the demonstration showed
molecular-specific fiber taper based sensing can be achieved using Raman spectroscopy.
Whispering gallery microresonators are also studied to perform sensitive particle
detection. The technique exploits the strong, evanescent field of a resonant mode exposed
on the surface of the microresonator. Particles adhered to the microresonator surface
interacted with the evanescent field that circulates within the resonator to generate Raman
signal, providing molecular-specific "fingerprint" information regarding the adhered
particles. The particles were able to continuously interact with the recycled resonant
mode which allowed significant generation of Raman signal which demonstrates this
technique’s capability for enhancement. Acquisition times of 5 seconds are sufficient to
capture chemically specific spectral signatures of the particles deposited to the surface of
the microresonator. The presence of a strong silica Raman background limits the
detection sensitivity at smaller Raman shifts, however nanoparticle detection should lead
to reduced background Raman scattering of the silica.
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7.2 Future Work

The work presented in this dissertation creates the foundation for a number of
further investigations and future improvements for high-speed holographic CARS
imaging and resonator-enhanced Raman spectroscopy. Several ideas to be considered for
potential future work are suggested in this section.

1) CARS holography using picosecond laser systems: Picosecond laser pulses are well
demonstrated in CARS bio-imaging applications as they offer high peak-power while
maintaining relatively good spectral resolution (e.g. [Potma et al. 2002]). Also, sample
damage can be reduced in comparison to nanosecond pulses as picosecond CARS can
operate at significantly lower average power. Additionally, more stable OPO systems are
demonstrated for picosecond systems, which could enable better beam quality and
improved image quality.
2) Improve quality of CARS holography images: The reference beam was filtered for
the bio-imaging results presented, using an optical fiber as a pinhole spatial filter to
improve the stability and uniformity of the reference signal. Alternative methods could
enable a more stable reference beam that can improve the capability for recording higher
quality CARS holograms. In addition to improved chemical selectivity, techniques for
suppressing the non-resonant four-wave mixing background that is generated alongside
CARS could be implemented. Time-resolved and polarization discrimination methods are
well demonstrated for FWM background suppression, and these techniques could be
adapted for CARS holography.
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3) Investigate other modalities of CARS holography: CARS holography can be
adapted for use in a variety of other CARS imaging techniques. One possibility is
multiplex CARS holography, where broadband signal from a supercontinuum CARS
system [Shi et al. 2007b] would generate a multiplex CARS spectrum, and a matched
reference beam at each frequency could generate a multiplexed CARS hologram. The
hologram could contain several overlapping CARS holograms corresponding to the
different molecular vibrational modes [e.g. multiplex holography [Ma et al. 2013]. Each
vibrational mode hologram in effect has its' own carrier frequency; thus, each mode could
be separated in the spatial frequency domain to create individual CARS images of each
vibrational mode. This would allow imaging of multiple Raman signatures
simultaneously for the same molecules, or images of multiple distinct molecular species
are simultaneously reconstructed from a single CARS hologram.
4) Investigate CARS holography for stand-off detection: Several efforts have
demonstrated CARS as a viable platform for detecting chemical species remotely, in
particular for applications in trace chemical sensing (e.g. Li et al. 2008, Portnov et al.
2008, Ooi et al. 2005]). CARS holography could be adapted for stand-off detection, as it
offers several advantages, such as its inherent homodyne detection nature, and potential
shot-noise-limited sensitivity.

5) Improve resonator enhancement of Raman signal by utilizing high-Q modes: As
discussed in Chapter 5, the microresonator buildup factor is proportional to the Q of the
resonant mode. Microresonators can achieve Q-factors on the order of ~108 which can
result in a buildup factor of 105. However, the resonant modes utilized in this work had
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Q's on the order of ~104 limiting the potential for Raman enhancement. By optimizing
several conditions such as the resonator coupling and wavelength locking, higher Qfactors could be utilized to increase cavity buildup and improve the capability for
enhancing Raman signal.
6) Investigate resonator-enhanced Raman sensing of smaller particles (nanoparticles): Nano-particle detection represents one the ultimate goals for resonatorenhanced Raman spectroscopy. Nano-particle sensing would enable a vast multitude of
bio-sensing applications, for example label-free chemically selective single-virus
detection. Nano-particle investigation, based on the analysis of the experiments presented
in this dissertation, would require implementation of several of the other suggested future
related works here.
7) Improve sensing system for resonator-enhanced Raman spectroscopy: A number
of improvements could be made in the experimental setup to enhance the capability for
detecting Raman signal. In particular, the CCD detector used in this work was not
optimal for detection of the generated Raman spectra, which are at near-IR wavelengths
around 1.0 µm (CCD quantum efficiency ~20% at 1.0 µm). An InGaAs based CCD
detector, with much higher sensitivity for near-IR wavelengths, would enable reduced
integration times and improve the capability to investigate resonator-enhanced Raman
spectroscopy.
8) Investigate other materials for fabricating resonators: The existence of the strong
silica Raman background present at shorter Raman shifts (significant background present
for <2000 cm-1) limits the capability for detecting analytes that exhibit low-frequency
vibrational modes. One potential method to address this problem is to fabricate
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microresonators out of other materials. Silica is chosen for its low loss characteristics at
optical wavelengths, however stimulated silica Raman scattering is a well documented
issue with high intensity field propagation. Soft lithography methods have been
demonstrated for molding microresonators, and several types of low-loss (optically clear)
polymers have been used to cast new resonators from molds. A polymer could be
selected that does not have a broad Raman gain spectrum and thus could be used to create
microresonators that produce reduced background at shorter Raman shifts. One caveat of
this idea is that polymer molded microresonators have been demonstrated to show about
one order of magnitude decrease in quality factor compared with their silica counterparts
[Armani et al. 2007].
9) Investigate coherent Raman techniques for resonator-enhanced Raman: Another
method for alleviating the issues concerning the silica Raman background is to take
advantage of coherent Raman techniques. CARS could be used to produce anti-Stokes
signal from adhered particles to microresonators. The generated CARS would be
spectrally removed from the silica Raman background signal due to the blue-shifted
nature of the anti-Stokes signal. However, implementation of this technique could prove
challenging due to the complexity of the multiple CARS beams.

117

REFERENCES
Agrawal, G. 2001. Nonlinear Fiber Optics. 3rd Edition. Academic Press, San Diego.
Albrecht, M. G. and J. A. Creighton. 1977. "Anomalously intense Raman-spectra of
pyridine at a silver electrode," Journal of the American Chemical Society,Vol. 99,
pp. 5215–5217.
Andresen, E. R., H. N. Paulsen, V. Birkedal, J. Thogersen and S. R. Keiding. 2005.
“Broadband multiplex coherent anti-Stokes Raman scattering microscopy
employing photonic-crystal fibers,” Journal of the Optical Society of America. B,
Vol. 22, pp. 1934.
Armani, A. M., A. Srinivasan, and K. J. Vahala. 2007. "Soft lithographic fabrication of
high-Q polymer microcavity arrays," Nano Letters, Vol. 7, pp. 1823-1826.
Armani, D. K., T. J. Kippenberg, S. M. Spillane and K. J. Vahala. 2003. "Ultra-high-Q
toroid microcavity on a chip," Nature, Vol. 421, pp. 925-928.
Arnold, A. S., J. S. Wilson, and M. G. Boshier. 1998. “A simple extended-cavity diode
laser,” Review of Scientific Instruments, Vol. 69, pp. 1236.
Ausman, L. and G. Schatz. 2008. "Whispering-gallery mode resonators: Surface
enhanced Raman scattering without plasmons," Journal of Chemical Physics,
Vol. 129, pp. 054704.
Bai, H., Z. Chen, Q. Guo, K. Zhang, F. Pang and T. Wang. 2011. “A biconical taper
multi-mode fiber SERS sensor,” Proceedings of SPIE 7990, Optical Sensors and
Biophotonics II, pp. 799004.

118

Begley, R. F., R. F., A. B. Harvey, R. L. Byer. 1974. “Coherent anti-Stokes Raman
spectroscopy,” Applied Physics Letters, Vol. 25 (1974) pp. 387.
Berneschi, S., D. Farnesi, F. Cosi, G. N. Conti, S. Pelli, G. C. Righini and S. Soria. 2011.
"High Q silica microbubble resonators fabricated by arc discharge," Optics
Letters, Vol. 36, pp. 3521-3523.
Birks, T.A. and Y.W. Li. 1992. "The shape of fiber tapers," Journal of Lightwave
Technology, Vol.10, pp.432-438.
Boyd, R. W. 2003. Nonlinear Optics. 2nd Ed. Academic Press, San Diego.
Brady, D. J., K. Choi, D. L. Marks, R. Horisaki and S. Lim. 2009. “Compressive
Holography,” Optics Express, Vol. 17, pp. 13040.
Bredfeldt, J. S., C. Vinegoni, D. L. Marks, and S. A. Boppart. 2005. “Molecularly
sensitive optical coherence tomography,” Optics Letters, Vol. 30, pp. 495.
Bredfeldt, J. S., C. Vinegoni, D. L. Marks, and S. A. Boppart. 2005. “Molecularly
sensitive optical coherence tomography,” Optics Letters, Vol. 30, pp. 495.
Burr, G. W. 1996. "Volume holographic storage using the 90° geometry," Ph.D.
Dissertation, California Institute of Technology.
Campion, A. and P. Kambhampati. 1998. “Surface-enhanced Raman scattering,”
Chemical Society Reviews, Vol. 27, pp. 241–250.
Candes, E. and M. Wakin. 2008. “An introduction to compressive sampling,” IEEE
Signal Processing Magazine, Vol. 25, pp. 21.
Candes, E. and T. Tao. 2006. “Near-optimal signal recovery from random projections:
Universal encoding strategies?,” IEEE Transactions on Information Theory, Vol.
52, pp. 5406.

119

Candes, E., J. Romberg and T. Tao. 2006a. "Stable signal recovery from incomplete and
inaccurate measurements," Communications on Pure and Applied Mathematics,
Vol. 59, pp. 1207.
Candes, E., J. Romberg and T. Tao. 2006b. “Robust uncertainty principles: Exact signal
reconstruction from highly incomplete frequency information,” IEEE
Transactions on Information Theory, Vol. 52, pp. 489.
Carmon, T., L. Yang, and K. Vahala. 2004. "Dynamical thermal behavior and thermal
self-stability of microcavities," Optics Express, Vol. 12, pp. 4742-4750.
Carmon, T., T. Kippenberg, L. Yang, H. Rokhsari, S. Spillane, and K. Vahala. 2005.
"Feedback control of ultra-high-Q microcavities: application to micro-Raman
lasers and microparametric oscillators," Optics Express, Vol. 13, pp. 3558-3566.
Chantada, L., N. I. Nikolaev, A. L. Ivanov, P. Borri and W. Langbein. 2008. "Optical
resonances in microcylinders: response to perturbations for biosensing," Journal
of the Optical Society of America B, Vol. 25, pp. 1312-1321.
Chao, C.Y. and L.J. Guo. 2002. "Polymer microring resonators fabricated by nanoimprint
technique," Journal of Vacuum Science & Technology B, Vol. 20, pp. 2862-2866.
Chao, C.Y. and L.J. Guo. 2006. "Polymer microring resonators for biochemical sensing
applications," IEEE Journal of Selected Topics in Quantum Electronics, Vol. 12,
pp. 134–142.
Chen, P. C., C. C. Joyner, S.T. Patrick, R. M. Royster and L. L. Ingham. 2003. “Gas
Chromatography-Multiplex Coherent Raman Spectroscopy,” Analytical
Chemistry, Vol. 75, pp. 3066.

120

Cheng, J., A. Volkmer and X. S. Xie. 2002a. “Theoretical and experimental
characterization of coherent anti-Stokes Raman scattering microscopy,” Journal
of the Optical Society of America A, Vol. 19, pp. 1363.
Cheng, J., A. Volkmer, L. D. Book and X. S. Xie. 2002b. “Multiplex Coherent AntiStokes Raman Scattering Microspectroscopy and Study of Lipid Vesicles,”
Journal of Physical Chemistry B, Vol. 106, pp. 8493.
Cheng, J., A. Volkmer, L. D. Book, X. S. Xie. 2001a. “An epi-detected coherent antiStokes Raman scattering (E-CARS) microscope with high spectral resolution and
high sensitivity,” Journal of Physical Chemistry, Vol. 105, pp. 1277.
Cheng, J., and A. Volkmer, and D. Lewis, and X. S. Xie. 2001b. “Vibrational Iimaging
with high sensitivity via epidetected coherent anti-Stokes Raman scattering
microscopy, Physical Review Letters, Vol. 87, pp. 023901-1.
Cheng, J., and X. S. Xie. 2004. “Coherent Anti-Stokes Raman Scattering Microscopy:
Instrumentation, Theory, and Applications,” Journal of Physical Chemistry B,
Vol. 108, pp. 827.
Cheng, J., L. D. Book and X. S. Xie. 2001. “Polarization coherent anti-Stokes Raman
scattering microscopy,” Optics Letters, Vol. 26, pp. 1341.
Chin, M. K. and S. T. Ho. 1998. "Design and modeling of waveguide-coupled
singlemode microring resonators," Journal of Lightwave Technology, Vol. 16, pp.
1433-1446.
Clark, R. and T. Dines. 1986. “Resonance Raman Spectroscopy, and its Application to
Inorganic Chemisty.” Angewandte Chemie International Edition in English, Vol.
25, pp. 131–158.

121

Colomb, T., J. Kühn, F. Charrière and C. Depeursinge. 2006b. “Total aberrations
compensation in digital holographic microscopy with a reference conjugated
hologram,” Optics Express, Vol. 14, pp. 4300.
Colthup, N.B., L.H. Daly, S.E. Wiberley. 1990. Introduction to Infrared and Raman
Spectroscopy. Third Edition. Academic Press, San Diego.
Columb, T., F. Montfort, J. Kühn, N. Aspert, E. Cuche, A. Marian, F. Charrière, S.
Bourquin, P. Marquet, C. Depeursinge. 2006a. “Numerical parametric lens for
shifting, magnification, and complete aberration compensation in digital
holographic microscopy,” Journal of the Optical Society of America A, Vol. 23,
pp. 3177.
Cuche, E., F. Bevilacqua, and C. Depeursinge. 1999. “Digital holography for quantitative
phase-contrast imaging,” Optics Letters, Vol. 24, pp. 291.
Cuche, E., P. Marquet, C. Depeursinge. 2000. “Spatial filtering for zero-order and twinimage elimination in digital off-axis holography,” Applied Optics, Vol. 39, pp.
4070.
Dandliker, R. and K.Weiss. 1970. “Reconstruction of the three-dimensional refractive
index from scattered waves,” Optical Communications, Vol. 1, pp. 323.
De Vos, K., I. Bartolozzi, E. Schacht, P. Bienstman, and R. Baets. 2007. "Silicononinsulator microring resonator for sensitive and label-free biosensing," Optics
Express, Vol. 15, pp. 7610–7615.
Dimmick, T. E., G. Kakarantzas, T.A. Birks, and P. St. J. Russell. 1999. "CO2 laser
fabrication of fused fiber couplers and tapers,” Applied Optics, Vol. 38, pp. 68456848.

122

Dong, C.-H., L. He, Y.-F. Xiao, V. R. Gaddam, S. K. Ozdemir, Z.-F. Han, G.-C. Guo and
L. Yang. 2009. "Fabrication of high-Q polydimethylsiloxane optical microspheres
for thermal sensing," Applied Physics Letters, Vol. 94, pp. 231119.
Donoho, L. 2006. “Compressed Sensing,” IEEE Transactions on Information Theory,
Vol. 52, pp. 1289.
Dubois, F., L. Joannes, O. Dupont, J. Dewandel, J. Legros. 1999. “An integrated optical
set-up for fluid-physics experiments under microgravity conditions,”
Measurement Science and Technology, Vol. 10, pp. 934.
Dudovich, N., D. Oron, and Y. Silberberg. 2002. “Single-pulse coherently controlled
nonlinear Raman spectroscopy and microscopy,” Nature, Vol. 418, pp. 512.
Duncan, M. D., J. Reintjes, and T. J. Manuccia. 1982. “Scanning coherent anti-Stokes
Raman microscope,” Optics Letters, Vol. 7, pp. 350.
Eckhardt, G., R. W. Hellwarth, F. J. McClung, S.E. Schwarz and D. Weiner. 1962.
“Stimulated Raman scattering from organic liquids,” Physical Review Letters,
Vol. 9, pp. 455-457.
Edwards, P. S., N. Mehta, K. Shi, Q. Xu, D.Psaltis, and Z. Liu. 2012. “Coherent antiStokes Raman Holography: Theory and Experiment,” Journal of Nonlinear
Optical Physics and Materials, Vol. 21, pp. 1250028.
Evans, C. L. and X. S. Xie. 2008. “Coherent Anti-Stokes Raman Scattering Microscopy
Chemical Imaging for Biology and Medicine,” Annual Review of Analytical
Chemistry, Vol.1, pp. 883.
Evans, C. L., E. O. Potma, M. Puoris’haag, D. Cote, C. P. Lin and X. S. Xie. 2005.
“Chemical imaging of tissue in vivo with video-rate coherent anti-Stokes Raman

123

scattering microscopy,” Proceedings of the National Academy of Sciences, Vol.
102, pp. 16807-18012.
Evans, C. L., E. Potoma and X. S. Xie. 2004. “Coherenet anti-Stokes Raman scattering
spectral interferometry: determination of the real and imaginary components of
nonlinear susceptibility χ^((3)) for vibrational microscopy,” Optics Letters, Vol.
29, pp. 2923.
Falciai, R. and A. M. Scheggi. 1989. "Biconical fibers as mode and wavelength filters,”
Applied Optics, Vol. 28, pp. 1309-1311
Ferraro, P., S. Nicola, A. Finizio, G. Coppola, S. Grilli, C. Magro, and G. Pierattini.
2003. “Compensation of the inherent wave front curvature in digital holographic
coherent microscopy for quantitative phase-contrast imaging,” Applied Optics,
Vol. 42, pp. 1938.
Fleming, M. W. and A. Mooradian. 1981. "Spectral characteristics of externalcavity controlled semiconductor lasers," IEEE Journal of Quantum Electronics,
Vol. 17, pp. 44–59.
Fraunhofer, J. 1817. “Bestimmung des Brechungs-und des Farbenzerstreungs-Vermögens
verschiedener Glasarten, in Bezug auf die Vervollkommung achromatischer
Fernröhre," Annalen der Physik I, Vol. 56, pp. 264-313.
Führer, T. and T. Walther. 2008. "Extension of the mode-hop-free tuning range of an
external cavity diode laser based on a model of the mode-hop dynamics," Optics
Letters, Vol. 33, pp. 372-374.
Gabor, D. 1948. “A new microscope principle,” Nature, Vol. 161, pp. 777.

124

Gabor, D. 1949. “Microscopy by reconstructed wavefronts,” Proceedings of the Royal
Society A, Vol. 197, pp. 454.
Gabor, D. 1951. “Microscopy by reconstructed wavefronts: II,” Proceedings of the
Physical Society B, Vol. 64, pp. 449.
Ganikhonov, F., C. L. Evans, B. G. Saar, X. S. Xie. 2006. “High-sensitivity vibrational
imaging with frequency modulation coherent anti-Stokes Raman scattering (FM
CARS) microscopy,” Optics Letters, vol. 31, pp. 1872.
Gao, H.H., Z.Chen, J.Kumar, S.K.Tripathy, and D.L.Kaplan. 1995. “Tapered fiber tips
for fiber optic biosensors,” Optical Engineering, Vol. 34, pp. 3465-3470.
Gardiner, D. J. and P. R. Graves (Eds.). 1989. Practical Raman Spectroscopy. SpringerVerlag, Berlin.
Gerginov, V.P., Y.V. Dancheva, M.A. Taslakov, and S.S. Cartaleva. 1998. "Frequency
tunable monomode diode laser at 670 nm for high resolution spectroscopy,"
Optics Communications, Vol. 149, pp. 162-169.
Goodman, J. W. 2005. Introduction to Fourier Optics. 3rd Ed. Roberts & Company
Publishers, Englewood, CO.
Goodman, J. W. and R. W. Lawrence. 1967. “Digital image formation from
electronically detected holograms,” Applied Physics Letters, Vol. 11, pp. 77.
Gorodetsky, M. L. and V. S. Ilchenko. 1994. "High-Q Optical Whispering-Gallery
Microresonators - Precession Approach for Spherical Mode Analysis and
Emission Patterns with Prism Couplers," Optical Communications, Vol. 113, pp.
133-143.

125

Hariharan, P. 1996. Optical Holography: principles, techniques and applications. 2nd Ed.
Cambridge University Press, New York.
Haus, H. A. 1984. Waves and fields in optoelectronics. Prentice-Hall, New Jersey.
He, L. 2012. "Whispering Gallery Mode Microresonators for Lasing and Single
Nanoparticle Detection," Ph.D. Dissertation, Washington University in St. Louis,
St. Louis, MO. Electronic Theses and Dissertations. Paper 697.
Hecht, J. 2010. "A short history of laser development," Applied Optics, Vol. 49, pp. F99F122.
Heebner, J. and R. Boyd. 1999. “Enhanced all-optical switching by use of a nonlinear
fiber ring resonator,” Optics Letters, Vol. 24, pp. 847-849.
Heiman, D., R. W. Hellwarth, M. D. Levenson and G. Martin. 1976. “Raman –induced
Kerr effect,” Physical Review Letters, Vol. 36, pp.189-192.
Heinrich C., C. Meusburger, S. Bernet and M. Ritsch-Marte. 2006. “CARS microscopy in
a wide-field geometry with nanosecond pulses,” Journal of Raman Spectroscopy,
Vol. 37, pp. 675.
Heinrich, C., A. Hofer, A. Ritsch, C. Ciardi, S. Bernet and M. Ritsch-Marte. 2008.
“Selective imaging of saturated and unsaturated lipids by wide-field CARSmicroscopy,” Optics Express, Vol. 16, pp. 2699.
Heinrich, C., S. Bernet and M. Ritsch-Marte. 2004. “Wide-field coherent anti-Stokes
Raman scattering microscopy,” Applied Physics Letters, Vol. 84, pp. 816.
Hellwarth, R. 1963. “Theory of stimulated Raman scattering,” Physical Review, Vol. 130,
pp. 1850-1852.

126

Hsieh, C. L., R. Grange, Y. Pu and D. Psaltis. 2009. “Three-dimensional harmonic
holographic microcopy using nanoparticles as probes for cell imaging,” Optics
Express, Vol. 17, pp. 2880.
Ilchenko, V. S. and A. B. Matsko. 2006. "Optical resonators with whispering-gallery
modes - Part II: Applications," IEEE Journal of Selected Topics in Quantum
Electronics Vol. 12, pp. 15-32.
Ilchenko, V. S., X. S. Yao and L. Maleki. 1999. "Pigtailing the high-Q microsphere
cavity: a simple fiber coupler for optical whispering-gallery modes," Optics
Letters, Vol. 24, pp. 723-725.
Inaba, 1976. Chapter 5: Detection of Atoms and Molecules by Raman Scattering and
Resonance Fluorescence in Laser Monitoring of the Atmosphere, E. D. Hinkley,
ed. (Springer–Verlag, Berlin).
Jeanmaire, D. L. and R. P. Van Duyne. 1977. "Surface Raman electrochemistry. Part 1.
Heterocyclic, aromatic and aliphatic amines adsorbed on the anodised silver
electrode," Journal of Electroanalytical Chemistry and Interfacial
Electrochemistry, Vol. 84, pp. 1–20.
Jensen, F., T. Kakuta, T. Shikama. 1997. “Measurement of nuclear reactor local heat
rates by optical fiber infrared emission,” Optical Engineering, Vol. 36, pp. 2353.
Jensen, L., C. M. Aikens, and G. C. Schatz. 2008. "Electronic structure methods for
studying surface-enhanced Raman scattering," Chemical Society Reviews, Vol.
37, pp. 1061-1073.

127

Junge, C., S. Nickel, D. O'Shea and A. Rauschenbeutel. 2011. "Bottle microresonator
with actively stabilized evanescent coupling," Optics Letters, Vol. 36, pp. 34883490.
Jurna, M., J. P. Korterik, C. Otto, and H. L. Offerhaus. 2007. “Shot noise limited
heterodyne detection of CARS signals,” Optics Express, Vol. 15, pp. 15207.
Kakarantzas, G., T.E. Dimmick, T.A. Birks, R. Le Roux, and P. St. J. Russell. 2001.
"Miniature all-fiber devices based on CO2 laser microstructuring of tapered
fibers," Optics Letters, Vol. 26, pp. 1137-1139.

Kamga, F. M. and M. G. Sceats. 1980. “Pulse-sequenced coherent anti-Stokes Raman
scattering spectroscopy: a method for suppression of the nonresonant
background,” Optics Letters, Vol. 5, pp. 126.
Kano H. and H. Hamaguchi. 2005b. “Vibrationally resonant imaging of a single living
cell by supercontinuum-based multiplex coherent anti-Stokes Raman scattering
microspectroscopy,” Optics Express, Vol. 13, pp. 1322.
Kano, H. and H. Hamaguchi. 2005a. “Ultrabroadband (>2500 cm−1) multiplex coherent
anti-Stokes Raman scattering microspectroscopy using a supercontinuum
generated from a photonic crystal fiber,” Applied Physics Letters, Vol. 86, pp.
121113.
Kebbel, V., M. Adams, H. Hartmann and W. Jüptner. 1999. “Digital holography as a
versatile optical diagnostic method for microgravity experiments,” Measurement
Science and Technology, Vol. 10, pp. 893.

128

Kee, T. W. and M. T. Cicerone. 2004. “Simple approach to one-laser, broadband
coherent anti-Stokes Raman scattering microscopy,” Optics Letters, Vol. 29, pp.
2701.
Kemper, B., and G. Bally. 2008. “Digital holographic microscopy for live cell
applications and technical inspection,” Applied Optics, Vol. 47, pp. A52.
Kim, M. 2010. “Principles and techniques of digital holographic microscopy,” SPIE
Review, Vol. 1, pp. 018005-1.
Kippenberg, T. 2004. "Nonlinear Optics in Ultra-high-Q Whispering-Gallery Optical
Microcavities," Ph.D. Dissertation, California Institute of Technology, Pasadena,
CA.
Knight, J. C., G. Cheung, F. Jacques and T. A. Birks. 1997. "Phase-matched excitation of
whispering-gallery-mode resonances by a fiber taper," Optics Letters, Vol. 22, pp.
1129-1131.
Kreis, T. 2005. Holographic Interferometry: Principles and Methods. Wiley-VCH Verlag
GmbH & Co. KGaA, Weinheim.
Le Ru, E. C. and P. G. Etchegoin. 2009. Principles of Surface-enhanced Raman
Spectroscopy and Related Plasmonic Eﬀects. 1st Edn. Elsevier, Amsterdam.
Le Ru, E., E. Blackie, M. Meyer and P. Etchegoin. 2007. "Surface Enhanced Raman
Scattering Enhancement Factors: A Comprehensive Study," Journal of Physical
Chemistry C, Vol. 111, pp. 13794-13803.
Lee, Y. and M. Cicerone. 2008. “Vibrational dephasing time imaging by time-resolved
broadband coherent anti-Stokes Raman scattering microscopy,” Applied Physics
Letters, Vol. 92. pp. 041108.

129

Leith E. N. and J. Upatnieks. 1963. “Wavefront reconstruction with continuous-tone
objects,” Journal of the Optical Society of America, Vol. 53 pp. 1377.
Leith, E. N. and J. Upatnieks. 1962. “Reconstructed wavefronts and communication
theory,” Journal of the Optical Society of America, Vol. 52, pp. 1123.
Leith, E. N. and J. Upatnieks. 1964. “Wavefront reconstruction with diffused illumination
and three-dimensional objects,” Journal of the Optical Society of America, Vol.
54, pp. 1295.
Lewis, I. R., and H. Edwards. 2001. Handbook of Raman spectroscopy: From the
research laboratory to the process line. Marcel Dekker, New York.
Li, H. 2011. “Nonlinear Nanoprobes for characterizing ultrafast optical near field,” Ph.D.
Dissertation. The Pennsylvania State University, Department of Electrical
Engineering.
Li, H., A. Harris, B. Xu, P. J. Wrzesinski, V.V. Lozovoy, M. Dantus. 2008. “Standoff and
arms-length detection of chemicals with single-beam coherent anti-Stokes Raman
scattering”, Applied Optics, Vol. 48, pp. B17-B22.
Li, W., H.-G. Purucker, and A. Laubereau. 1992. “Polarization interference in
femtosecond CARS,” Optical Communications, Vol. 94, pp. 300.
Littman, M. G. and H. J. Metcalf. 1978. "Spectrally narrow pulsed dye laser without
beam expander," Applied Optics, Vol. 17, pp. 2224.
Long, D. A. 2002. The Raman effect: A unified treatment of the theory of Raman
scattering by molecules. Wiley, West Sussex, UK.

130

Loring, R. F. and S. Mukamel. 1985. “Selectivity in coherent transient Raman
measurements of vibrational dephasing in liquids,” Journal of Chemical Physics,
Vol. 83 pp. 2116.
Love, J. D. and W. M. Henry. 1986. "Quantifying loss minimization in single-mode fibre
tapers," Electronic Letters, Vol. 22, pp. 912-914.
Ma, Z., Y. Yang, H. Zhai, and P. Chavel. 2013. "Spatial angular multiplexing for
enlarging the detected area in off-axis digital holography," Optics Letters, Vol.
38, pp. 49-51.
Maiman, T. H. 1960. "Stimulated optical radiation in ruby," Nature, Vol. 187, No. 4736,
pp. 493-494.
Maker, P. D., and R.W. Terhune. 1965. “Study of Optical Effects Due to an Induced
Polarization Third Order in the Electric Field Strength,” Physical Review, Vol.
137, pp. A801.
Mann, C., L.Yu, C. Lo, and M. Kim. 2005. “High-resolution quantitative phase-contrast
microscopy by digital holography, Optics Express, Vol. 13, pp. 8693.
Marks, D. L., C. Vinegoni, J. S. Bredfeldt, and S. A. Boppart. 2004. “Interferometric
differentiation between resonant coherent anti-Stokes Raman scattering and
nonresonant four-wave-mixing processes,” Applied Physics Letters, Vol. 85, pp.
5787.
Martin, A. L., D. K. Armani, L. Yang and K. J. Vahala. 2004. "Replica-molded high-Q
polymer microresonators," Optics Letters, Vol. 29, pp. 533-535.

131

Masihzadeh, O., P. Schlup, and R. Bartels. 2010. “Label-free second harmonic generation
holographic microscopy of biological specimens,” Optics Express, Vol. 18, pp.
9840.
Matsko, A. B. and V. S. Ilchenko. 2006. "Optical resonators with whispering-gallery
modes - Part I: Basics," IEEE Journal of Selected Topics in Quantum Electronics,
Vol. 12, pp. 3-14.
Medoza, I. R., W. Langbein, P. Watson, and P. Borri. 2009. “Differential coherent antiStokes Raman scattering microscopy with linearly chirped femtosecond laser
pulses,” Optics Letters, Vol. 34, pp. 2258.
Mie, G. 1908. “Beitraege zur Opitek trueber Medien, speziell kolloidaler Metalosungen,”
Annals of Physics, Vol.25, pp. 377-445.
Moskovits, M. 1985. "Surface-enhanced spectroscopy," Reviews of Modern Physics, Vol.
57, pp. 783–826.
Muller, M., J. Squier, C. A. De Lange and G. J. Brakenhoff. 2000. “CARS microscopy
with folded BoxCARS phasematching,” Journal of Microscopy, Vol. 197, pp.
150.
Nan, X., J. Cheng and X. S. Xie. 2003. “Vibrational imaging of lipid droplets in live
fibroblast cells with coherent anti-Stokes Raman scattering microscopy,” The
Journal of Lipid Research, Vol. 44, pp. 2202.
Nayuki, T., T. Fujii, K. Nemoto, M. Kozuma, M. Kourogi, and M. Ohtsu. 1998.
"Continuous Wavelength Sweep of External Cavity 630 nm Laser Diode without
Antireflection Coating on Output Facet," Optical Review, Vol. 5, pp. 267-270.

132

Okamoto, H. and K. Yoshihara. 1990. “Femtosecond time-resolved coherent Raman
scattering under various polarization and resonance conditions,” Journal of the
Optical Society of America B, Vol. 7, pp.1702.
Onural, L. 1993. “Diffraction from a wavelet point of view,” Optics Letters, Vol. 18, pp.
846.
Ooi, C. H. Raymond, G. Beadie, G. W. Kattawar, J. F. Reintjes, Y. Rostovtsev, M. S.
Zubairy and M. O. Scully. 2005. "Theory of femtosecond coherent anti-Stokes
Raman backscattering enhanced by quantum coherence for standoff detection of
bacterial spores," Physics Review A, Vol. 72, pp. 023807.
Oron, D., N. Dudovich, D. Yelin and Y. Silberberg. 2002. “Quantum control of coherent
anti-Stokes Raman processes,” Physical Review A, Vol. 65, pp. 043408.
Otto, A., I. Mrozek, H. Grabhorn and W. Akemann. 1992. "Surface-enhanced Raman
scattering," Journal of Physics: Condensed Matter, Vol. 4, pp. 1143–1212.
Oudar, J. L., R. W. Smith, and Y. R. Shen. 1979. “Polarization-sensitive coherent antiStokes Raman spectroscopy,” Applied Physics Letters, Vol. 34, pp. 758.
Pelletier, M. J. and C. C. Pelletier. 2010. Chapter 1: Spectroscopic Theory for Chemical
Imaging. Raman, Infrared, and Near-Infrared Chemical Imaging. S. Sasic and Y
Ozaki, ed. John Wiley and Sons, New Jersey.
Pestov, D., R. K. Murawski, G. O. Ariunbold, X. Wang, M. Zhi, A. V. Sokolov, V. A.
Sautenkov, Y. V. Rostovtsev, A. Dogariu, Y. Huang and M. O. Scully. 2007.
“Optimizing the Laser-Pulse Configuration for Coherent Raman Spectroscopy,”
Science, Vol. 316, pp. 265.

133

Placzek, G. 1934. “Rayleigh-streuung und Raman-effekt. In: Marx, E. (Ed.), Handbuch
der Radiologie, Vol. VI., No. 2, Acadeische-Verlag, Leipzig, pp. 205–374
(Translation: The Rayleigh and Raman Scattering, University of California
Radiation Laboratory (UCRL) Trans. 526(L), 1962).
Portnov, A., S. Rosenwaks, and I. Bar. 2008. “Detection of particles of explosives via
backward coherent anti-Stokes Raman spectroscopy,” Applied Physics Letters,
Vol. 93, pp. 041115.
Potma, E., C. L. Evans, X. S. Xie. 2006. “Heterodyne coherent anti-Stokes Raman
scattering (CARS) imaging,” Optics Letters, Vol. 31, pp. 241.
Potma, E., D. Jones, J. Cheng, X. Xie, and J. Ye. 2002. "High-sensitivity coherent antiStokes Raman scattering microscopy with two tightly synchronized picosecond
lasers," Optics Letters, Vol. 27, pp. 1168-1170.
Pu, Y., M. Centurion and D. Psaltis. 2008. “Harmonic holography: a new holographic
principle,” Applied Optics, Vol. 47, pp. A103.
Rabiei, P., W. H. Steier, C. Zhang and L. R. Dalton. 2002. "Polymer micro-ring filters
and modulators," Journal of Lightwave Technology, Vol. 20, pp. 1968-1975.
Raman, C.V. and K.S. Krishnan.1928. “A new type of secondary radiation,” Nature
(London), Vol. 121, pp. 501.
Raman, C.V. and K.S. Krishnan.1929. “The production of new radiations by light
scattering. Part 1,” Proceedings of the Royal Society of London. Series A, Vol.
122, No. 789, pp. 23-25.
Rappaz, B., P. Marquet, E. Cuche, Y. Emery, C. Depeursinge, P. Magistretti. 2005.
“Measurement of the integral refractive index and dynamic cell morphometry of

134

living cells with digital holographic microscopy,” Optics Express, Vol. 13, pp.
9361.
Rodriguez, L. G., S. J. Lockett and G. R. Holtom. 2006. “Coherent anti-Stokes Raman
scattering microscopy: a biological review,” Cytometry Part A, Vol. 69A, pp.779.
Rosen, J., and G. Brooker. 2008. “Non-scanning motionless fluorescence threedimensional holographic microscopy,” Nature Photonics, Vol. 2, pp. 190.
Saar, B. G., C. W. Freudiger, J. Reichman, C. M. Stanley, G. R. Holtom, and X. S. Xie.
2010. "Video-rate molecular imaging in vivo with stimulated Raman scattering,"
Science, Vol. 330, No. 6009, pp. 1368-1370.
Schilling, B. W., T. C. Poon, G. Indebetouw, B. Storrie, K. Shinoda, Y. Suzuki, and M.
H. Wu. 1997. “Three-dimensional holographic fluorescence microscopy,” Optics
Letters, Vol. 22, pp. 1506.
Schmitt, M., G. Knopp, A. Materny and W. Kiefer. 1997. “Femtosecond time-resolved
coherent anti-Stokes Raman scattering for the simultaneous study ultrafast ground
and excited state dynamics: iodine vapour,” Chemical Physics Letters, Vol. 270
pp. 9-15.
Schnars, U. and W. Jüptner. 1994. “Direct recording of holograms by a CCD target and
numerical reconstruction,” Applied Optics, Vol. 33, pp. 179.
Schnars, U. and W. Jüptner. 2002. “Digital recording and reconstruction of holograms,”
Measurement Science and Technology, Vol. 13, pp. R85.
Schnars, U. and W. Jüptner. 2005. Digital Holography: Digital Hologram Recording,
Numerical Reconstruction, and Related Techniques. Springer-Verlag, Berlin.

135

Schnars, U., K. Sommer, B. Grubert, H. Hartmann and W. Jüptner. 1999. “Holographic
diagnostics of fluid experiments onboard the International Space Station,
Measurement Science and Technology, Vol. 10, pp. 900.
Scholten, T. A., G. W. Lucassen, F. F. De Mul and J. Greve. 1989. “Nonresonant
background suppression in CARS spectra of dispersive media using phase
mismatching,” Applied Optics, Vol. 28, pp. 1387.
Schweiger, G. 1991. “Raman scattering on microparticles: size dependence,” Journal of
the Optical Society of America B, Vol. 8, pp. 1770-1778.
Scully, M. O., G. W. Kattawar, R. P. Lucht, T. Opatrny, H. Pilloff, A. Rebane, A. V.
Sokolov and M. S. Zubairy. 2002. “FAST CARS: Engineering a laser
spectroscopic technique for rapid identification of bacterial spores,” Proceedings
of the National Academy of Sciences, Vol. 99, pp. 10994.
Shen, Y. R. 1984. The Principles of Nonlinear Optics. John Wiley and Sons Inc., New
York.
Shi, K., H. Li, Q. Xu, D. Psaltis, and Z. Liu. 2010. “Coherent Anti-Stokes Raman
Holography for Chemically Selective Single-Shot Nonscanning 3D Imaging,”
Physical Review Letters, Vol. 104, pp. 093902.
Shi, K., P. Li, and Z. Liu. 2007a. “Broadband coherent anti-Stokes Raman scattering
spectroscopy in supercontinuum optical trap,” Applied Physics Letters, Vol. 90,
pp. 141116.
Shi, K., P. Li, and Z. Liu. 2007b. "Supercontinuum Cars Tweezers," Journal of Nonlinear
Optical Physics & Materials, Vol. 16, pp. 457-470.

136

Shi, K., P. S. Edwards, J. Hu, Q. Xu, Y. Wang, D. Psaltis and Z. Liu. 2012. “Holographic
coherent anti-Stokes Raman scattering bio-imaging, Biomedical Optics Express,
Vol. 3, pp. 1744.
Sidorov-Biryukov, D. A., E.E. Serebryannikov and A. M. Zheltikov. 2006. “Timeresolved coherent anti-Stokes Raman scattering with a femtosecond soliton output
of a photonic-crystal fiber,” Optics Letters, Vol. 31, pp. 2323.
Soltani, M., S. Yegnanarayanan and A. Adibi. 2007. "Ultra-high Q planar silicon
microdisk resonators for chip-scale silicon photonics," Optics Express, Vol. 15,
pp. 4694- 4704.
Stiles, P. L., J. A. Dieringer, N. C. Shah and R. P. Van Duyne. 2008."Surface-enhanced
Raman spectroscopy," Annual Review of Analytical Chemistry, Vol. 1, pp. 601–
626.
Stoddart, P.R. and D.J. White. 2009. “Optical fibre SERS sensors,”Analitical and
Bioanalitical Chemistry, Vol. 394, pp. 1761–1774.
Stokes, L. F., M. Chodorow and H. J. Shaw. 1982. “All-single-mode fiber resonator,”
Optics Letters, Vol. 7, pp. 288–290.
Stolen, R., C. Lee, and R. Jain. 1984. "Development of the stimulated Raman spectrum in
single-mode silica fibers," Journal of the Optical Society of America B, Vol. 1,
pp. 652-657.
Sun, Y. and X. Fan. 2011. "Optical ring resonators for biochemical and chemical
sensing," Analytical and Bioanalytical Chemistry, Vol. 399, pp. 205-211.
Takaki, Y., H. Kawai, H. Ohzu. 1999. “Hybrid holographic microscopy free of conjugate
and zero-order images,” Applied Optics, Vol. 38, pp. 4990.

137

Tapalian, H. C., J. P. Laine and P. A. Lane. 2002. "Thermooptical switches using coated
microsphere resonators," IEEE Photonic Technology Letters, Vol. 14, pp. 11181120.
Tian, Y., W. Wang, N. Wu, X. Zou, and X. Wang. 2011. “Tapered Optical Fiber Sensor
for Label-Free Detection of Biomolecules,” Sensors, Vol. 11, pp. 3780-3790.
Tolles, W. M., J. W. Nibler, J. R. McDonald, and A. B. Harvey. 1977. “A review of the
theory and application of coherent anti-Stokes Raman spectroscopy (CARS),”
Applied Spectroscopy, Vol. 31, pp. 253.
Tong, L., R. R. Gattass, J. B. Ashcom, S. He, J. Lou, M. Shen, I. Maxwell, and E. Mazur.
2003. “Subwavelength diameter silica wires for low-loss optical wave guiding,”
Nature, Vol. 426, pp. 816-818.
Toytman, I., D. Simanovskii and D. Palanker. 2009. “On illumination schemes for widefield CARS microscopy,” Optics Express, Vol. 17, pp. 7339.
Toytman, I., K. Cohn, T. Smith, D. Simanovskii and D. Palanker. 2007. “Wide-field
coherent anti-Stokes Raman scattering microscopy with non-phase-matching
illumination,” Optics Letters, Vol. 32, pp. 1941.
Tran, H., F. Chaussard, N. Le Cong, B. Lavorel, O. Faucher and P. Joubert. 2009.
“Femtosecond time resolved coherent anti-Stokes Raman spectroscopy of H2–N2
mixtures in the Dicke regime: Experiments and modeling of velocity effects,”
Journal of Chemical Physics, Vol. 131, pp. 174310.
Vahala, K. 2004. Optical microcavities. World Scientific, Singapore.
Vahala, K. J. 2003. "Optical microcavities," Nature, Vol. 424, pp. 839-846.

138

Vinegoni, C., J. Bredfeldt, D. Marks and S. Boppart. 2004. “Nonlinear optical contrast
enhancement for optical coherence tomography,” Optics Express, Vol. 12, pp.
331.
Volkmer, A., L. D. Book and X. S. Xie. 2002. “Time-resolved coherent anti-Stokes
Raman scattering microscopy: Imaging based on Raman free induction decay,”
Applied Physics Letters, Vol. 80, pp. 1505.
Vollmer, F. and L. Yang. 2012. "Label-free detection with high-Q microcavities: a
review of biosensing mechanisms for integrated devices" Nanophotonics, Vol. 1,
pp. 267-291.
Vollmer, F. and S. Arnold. 2008. "Whispering-gallery-mode biosensing: label-free
detection down to single molecules," Nature Methods, Vol. 5, pp. 591-596.
Voumard, C. 1977. "External-cavity-controlled 32-MHz narrow-band cw GaA1As-diode
lasers," Optics Letters, Vol. 1, pp. 61–63.
Wagner, C., S. Seebacher, W. Osten, and W. Jüptner. 1999. “Digital recording and
numerical reconstruction of lensless Fourier holograms in optical metrology,”
Applied Optics, Vol. 38, pp. 4812.
Warken, F., E. Vetsch, D. Meschede, M. Sokolowski, and A. Rauschenbeutel. 2007.
“Ultra-sensitive surface absorption spectroscopy using sub-wavelength diameter
optical fibers,” Optics Express, Vol. 15, pp. 11952–11958.
Weaver, M. J., S. Zou, and H. Y. H. Chan. 2000. "The new interfacial ubiquity of surface
enhanced Raman spectroscopy," Analytical Chemistry, Vol. 72, pp. 38A-47A.
Weber, A. (Editor). 1979. Raman Spectroscopy of Gases and Liquids. Topics in Current
Physics. John Springer-Verlag, Berlin.

139

White, I. and X. Fan. 2005. “Demonstration of composite microsphere cavity and surface
enhanced Raman spectroscopy for improved sensitivity,” Proceedings SPIE, Vol.
5994, pp. 59940G.
Wiejata, P. J., P. M. Shankar, and R. Mutharasan. 2003. “Fluorescent sensing using
biconical tapers,” Sensors and Actuators B: Chemical, Vol. 96, pp. 315-320.
Wolf, E. 1969. “Three-dimensional structure determination of semi-transparent objects
from holographic data,” Optical Communications, Vol. 1, pp. 153.
Wollaston, W. H. 1802. "A method of examining refractive and dispersive powers, by
prismatic reflection," Philosophical Transactions of the Royal Society, Vol. 92,
pp. 365-380.
Woodbury, E. J. and W. K. Ng. 1962. “Ruby laser operation in the near IR,” Proceedings
IRE, Vol. 2367.
Wurpel, G. W. H., J. M. Schins and M. Muller. 2002. “Chemical specificity in threedimensional imaging with multiplex coherent anti-Stokes Raman scattering
microscopy,” Optics Letters, Vol. 21, pp. 1093.
Xu, Q. 2011. “Nonlinear Imaging and Spectroscopy,” Ph.D. Dissertation. The
Pennsylvania State University, Department of Electrical Engineering.
Xu, Q. and M. Lipson. 2007. "All-optical logic based on silicon micro-ring resonators,"
Optics Express, Vol. 15, pp. 924-929.
Xu, Q., K. Shi, H. Li, K. Choi, R. Horisaki, D. Brady, D. Psaltis, and Z. Liu. 2010.
"Inline Holographic Coherent Anti-Stokes Raman Microscopy," Optics Express,
Vol. 18, pp. 8213-8219.

140

Yalcin, A., K.C. Popat, J.C. Aldridge, T.A. Desai, J. Hryniewicz, N.Chbouki, B.E. Little,
O. King, V. Van, Chu Sai, D. Gill, M. Anthes-Washburn, M.S. Unlu, and B.B.
Goldberg. 2006. "Optical sensing of biomolecules using microring resonators,"
IEEE Journal of Selected Topics in Quantum Electronics, Vol. 12, pp.148-155.
Yamaguchi, I., and T. Zhang. 1997. “Phase-shifting digital holography,” Optics Letters,
Vol. 22, pp. 1268.
Yariv, A. 1989. Quantum Electronics. 3rd Edition. John Wiley & Sons, New York.
Yokota, H., E. Sugai and Y. Sasaki. 1997. "Optical irradiation method for fiber coupler
fabrications,” Optical Review, Vol. 4, pp. 104-107.
Young, A. T. 1981. "Rayleigh scattering," Applied Optics, Vol. 20, pp. 533-535.
Zernike, F. 1955. “How I discovered phase contrast,” Science, Vol. 121, pp. 345.
Zhang, S., L. Zhang, X. Zhang, L. Ding, G. Chen, Z. Sun and Z. Wang. 2007. “Selective
excitation of CARS by adaptive pulse shaping based on genetic algorithm,”
Chemical Physics Letters, Vol. 433, pp. 416.
Zhang, T., and I. Yamaguchi. 1998. “Three-dimensional microscopy with phase-shifting
digital holography,” Optics Letters, Vol. 23, pp. 1221.
Zhu, H.Y., I.M. White, J.D. Suter, P.S. Suter, and X.D. Fan. 2007. "Analysis of
biomolecule detection with optofluidic ring resonator sensors," Optics Express,
Vol. 15, pp. 9129–9146.
Zhu, J. 2011. "Ultra-high-Q Microresonator with Applications towards Single
Nanoparticle Sensing," Ph.D. Dissertation, Washington University in St. Louis,
St. Louis, MO. Electronic Theses and Dissertations. Paper 676.

141

Zhu, J., S.K. Ozdemir, and L. Yang. 2011. "Optical detection of single nanoparticles with
a subwavelength fiber-taper," IEEE Photonics Technology Letters, Vol. 23,
pp.1346-1348.
Zibaii, M. I., A. Kazemi, H. Latifi, M. K. Azar, S. M. Hosseini, and M. H. Ghezelaiagh.
2010. “Measuring bacterial growth by refractive index tapered fiber optic
biosensor,” Journal of Photochemisty and Photobiology B, Vol. 101, pp. 313-320.
Zorabedian, P. 1995. Chapter 8: Tunable external cavity semiconductor lasers. Tunable
lasers handbook, F. J. Duarte, ed. Academic, New York.
Zumbusch, A., G. R. Holtom, and X. S. Xie. 1999. “Three-dimensional vibrational
imaging by coherent anti-Stokes Raman scattering,” Physical Review Letters, Vol.
82, pp. 4142.

VITA
Perry S. Edwards
EDUCATION
Ph.D. in Electrical Engineering, The Pennsylvania State University, 2013
M.S. in Electrical Engineering, The Pennsylvania State University, 2009
B.S. in Electrical Engineering, The Pennsylvania State University, 2007
AWARDS
• Diefenderfer Engineering Graduate Fellowship (2012)
• SPIE Scholarship in Optics and Photonics (2012)
• Monkowski Graduate Fellowship in Electrical Engineering (2011)
• Society of Penn State Electrical Engineers (SPSEE) Fellowship (2010)
• Palmer and Bloom Memorial EE Graduate Fellowships (2009, 2012)
SELECT PUBLICATIONS
1. P. S. Edwards, C. Janisch, B. Peng, J. Zhu, L. Yang and Z. Liu. “Label-free particle sensing by
fiber taper based resonator enhanced Raman spectroscopy,” submitted for publication, July 2013.
2. P. S. Edwards, N. Mehta, K. Shi, Q. Xu, D. Psaltis, and Z. Liu. 2012. “Coherent anti-Stokes
Raman Holography: Theory and Experiment,” Journal of Nonlinear Optical Physics and
Materials, Vol. 21, pp. 1250028.
3. K. Shi, P. S. Edwards, J. Hu, Q. Xu, Y. Wang, D. Psaltis, and Z. Liu. 2012. “Holographic
coherent anti-Stokes Raman scattering bio-imaging,” Biomedical Optics Express, Vol. 3, pp.
1744-1749.
4. C. Yang, P. Edwards, K. Shi, and Z. Liu. 2011. "Proposal and demonstration of a spectrometer
using a diffractive optical element with dual dispersion and focusing functionality," Optics
Letters, Vol. 36, pp. 2023-2025.
5. C. Yang, K. Shi, P. Edwards, and Z. Liu. 2010. “Demonstration of a PDMS based hybrid
grating and Fresnel lens (G-Fresnel) device,” Optics Express 18, pp. 23529-23534.
SELECT CONFERENCE PROCEEDINGS
1. P. S. Edwards, C. Janisch, B. Peng, L. Yang and Z. Liu. 2013. “Cavity Enhanced Raman
Spectroscopy,” Laser Resonators, Microresonators and Beam Control XV, SPIE LASE, 8600-59.
2. P. S. Edwards, Janisch, C.T., Lina He, Jiangang Zhu, Lan Yang, Zhiwen Liu. 2012. "Fiber
taper based Raman spectroscopic sensing," Photonics Conference (IPC), 2012 IEEE , pp.501502.
3. P. Edwards, K. Shi, J. Hu, Q. Xu, Y. Wang, D. Psaltis, and Z. Liu. 2011. "Coherent anti-Stokes
Raman scattering (CARS) holographic biological imaging," in CLEO:2011 - Laser Applications
to Photonic Applications, OSA Technical Digest (CD) (Optical Society of America, 2011), paper
CThF6.

