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Coherent anti-Stokes Raman scattering (CARS) microscopy allows fast, label-free 

and chemically selective imaging of condensed-phase samples thanks to its high signal 

sensitivity. It also offers several other advantages such as intrinsic three-dimensional 

sectioning capability, longer penetration depth and high spatial resolution. In 

conventional CARS microscopy, two synchronized narrowband laser pulses are typically 

used to generate signals at a single vibrational resonance, from which vibrational images 

are constructed. Although this type of CARS methods has been proven to be an excellent 

visualizing tool for lipid in biological samples, it has two serious problems. First, the 

ubiquitous nonresonant background smears out vibrational signals, which makes 

quantitative image analysis very difficult. Second, the chemical information obtained in 

this method is seriously limited since only a single vibrational resonance is measured, 

which is far less information than full vibrational spectrum can offer.  

In the past few years, we have developed several novel CARS imaging techniques 

that can overcome these issues. All our methods require only a single broadband laser 

and produce background-free vibrational spectrum by combining the laser pulse shaping 
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and various signal detection schemes. The first one obtains a vibrational spectrum over 

800 ~ 1800 cm-1 in a single measurement by simultaneous excitation of multiple 

vibrational resonances and analysis of spectral interferences between the resonant and 

nonresonant signals. The second method adopts the spectral focusing mechanism, where 

stretched broadband pulses are used to excite a single vibrational resonance with great 

sensitivity. A novel frequency modulation (FM) scheme is invented to eliminate the non-

resonant background. Complimentary spectral analysis algorithm is also developed to 

obtain quantitative CARS signals at the CH stretching region (2800 ~ 3100 cm-1). In this 

dissertation, the fundamental mechanisms, experimental implementations and various 

imaging applications of the above CARS methods are described in detail. 
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Chapter 1:  Introduction  

 

1.1 BACKGROUND 

Seeing is believing. In many fields of physical and life sciences, optical 

microscopy serves as a critical experimental tool by visualizing the mesoscopic objects 

within a complex heterogeneous sample. In biological imaging, the current emphasis has 

been on real-time three-dimensional (3D) imaging capability with high spatial resolution, 

high sensitivity and high chemical selectivity.1 Fluorescence-based methods have been 

most popular in cell biology and their recent advances, especially superresolution 

microscopy, hold great promises by providing unprecedented spatio-temporal 

information of biochemical species in cells.2 Various nonlinear optical (NLO) 

microscopy methods have also emerged thanks to the ready availability of ultrafast 

lasers.3 Since the toxicity and photo-bleaching of fluorescence dyes are serious problems 

in fluorescence microscopy,4 the label-free imaging techniques have been sought that can 

selectively image different molecules by intrinsic properties of sample molecules. 

Vibrational response can be used as such intrinsic imaging contrast. The two prevalent 

vibrational microscopy probes are infrared absorption5 and spontaneous Raman 

scattering6. The poor spatial resolution and huge background from water in IR absorption 

seriously limit its applications to biological imaging applications. In Raman microscopy, 

the low signal sensitivity of Raman scattering process has been the main problem. It is 

time-consuming (ca. half an hour) to obtain a decent Raman image and its signal is often 

contaminated by auto-fluorescence. Coherent anti-Stokes Raman scattering (CARS) 

microscopy is a NLO imaging modality that circumvents the issues of weak signals in 

spontaneous Raman scattering. It stimulates coherent vibrational motions of sample 
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molecules by two synchronized laser pulses to generate very strong signals, which can be 

more than six orders of magnitude higher than that of spontaneous Raman scattering. The 

signal wavelength is also blue-shifted relative to the excitation wavelength, allowing easy 

elimination of fluorescence background. These advantages enable fast beam-scanning 

imaging of material and biological samples with superior sensitivity.7  

CARS process was first reported in 1965 by Maker and Terhune and has been 

used expensively to obtain analytical and spectroscopic information pertaining to Raman 

active resonances in bulk condensed- and gas-phase samples.8 In 1982, Duncan et al 

reported the first CARS microscopy experiment using noncollinear geometry and visible 

laser pulses.9 However, the use of visible laser pulses leads to both huge two-photon-

enhanced nonresonant background and serious nonlinear photodamage. As a result, 

CARS microscopy has been dormant for more than a decade after this first report. In 

1999, Zumbush et al have revived CARS microscopy by tightly focusing two collinearly 

propagating near-IR laser beams.10 The introduction of high numerical aperture (NA) 

microscope objective greatly reduces the phase matching condition and opened a new 

door for its biological applications. In addition to its great signal sensitivity, CARS 

signals are generated only at the tight focus of the spatially overlapping incident laser 

beams, allowing 3D depth profiling and great spatial resolution.11 The use of near-IR 

laser also greatly reduces both nonresonant background and nonlinear photodamage. 

Deeper penetration depth is another benefit of near IR laser pulses. Accordingly, CARS 

microscopy is considered to hold a great promise for label-free chemical imaging.7,12   
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1.2 FUNDAMENTALS OF CARS MICROSCOPY  

1.2.1 Mechanism for generating CARS signals 

CARS is a coherent three photon (four-wave mixing) process where pump ( Pω ) 

and Stokes ( Sω ) pulses create a coherent vibrational excitation, with which the probe 

( prω ) pulse scatters to generate an anti-Stokes radiation, with a frequency 

SprPas ωωωω −+=  (Figure 1.1a).11,12 Experimentally, pump and probe pulses are 

typically degenerate resulting in SPas ωωω −= 2 . The anti-Stokes field arises from the 

nonlinear interaction of the pump and Stokes fields, PE  and SE , respectively, and is 

usually expressed by the third-order transient polarization, *2)3()3( )( SPas EEP χω ∝ , where 

the complex proportionality constant )3(χ  is known as the third-order susceptibility, 

which is dependent on the number of oscillators. Under the plane wave assumption for 

pump and Stokes beams, the solution of the Maxwell’s equations leads to the following 

expression for the anti-Stokes signal intensity,  

 
( ) 2

222)3(

2/
2/sin
⎟
⎠
⎞

⎜
⎝
⎛

Δ
Δ

∝
kL

kLLIII SPas χ  

 

where L is the length over which the beams are mixed through the sample and k  is the 

wavevector. The momentum mismatch kΔ  is defined as ( )SPas kkkk −−=Δ 2 , 

where iik λπ /2=  (λ is wavelength) and is a direct result of the fact that the propagating 

waves move in and out of phase because of dispersion in the medium. The sinc function 

is maximized when kΔ L is close to zero, known as the phase-matching condition.13 

Accordingly, CARS signal shows a square dependence on the number of vibrational 

oscillators and it makes CARS different from the spontaneous Raman scattering process, 

which is linearly dependent on the number of vibrational oscillators.14 In addition, the 
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CARS signal is directional due to the phase-matching criterion, and allows much more 

efficient signal collection compared to Raman experiments, which capture only a portion 

of the isotropically scattered signal.2  

 

 

Figure 1.1: Energy level diagrams for (a) Raman-resonant (b) non-resonant contribution 
to the CARS process. ν denotes the vibrational state of a Raman mode with 
resonance frequency Ω . g and e indicate the electronic ground and excited 
states, respectively. 

The magnitude of )3(χ  is a measure of the conversion efficiency of the process 

asSP ωωω =−2 . This conversion of laser power into anti-Stokes radiation takes place in 

any medium. However, at the presence of a vibrational resonance ( vibSP Ω=−ωω ), the 

conversion efficiency increases dramatically. Therefore, )3(χ  is a sum of a frequency-

dependent resonant part (a complex quantity) and a nearly frequency-independent 

nonresoant part ( a real quantity),  

 
)3()3()3(

NRR χχχ += , ( )∑ Γ−−−Ω
=

j jSPj

j
R i

R
ωω

χ )3(  

 
)3(

Rχ  is a complex sum over all vibrational resonance j  involved, with eigenfrequencies 

jΩ , oscillator strength jR , and linewidth jΓ . Its real part has a dispersive lineshape, while 
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the imaginary part corresponds to the spontaneous Raman spectral shape. The 

nonresonant part is generated by the electronic responses of the sample with the same 

phase matching condition as the vibrationally resonant part as shown in Figure 1.1b. In 

the absence of electronic responses, both CARS and Raman scattering should address, in 

principle, the same spectral information. However, )3(χ  does contain additional terms, 

which do not contribute to the Raman spontaneous emission process. The interference 

between contributions from various vibrational modes and the nonresoant background 

results in the different CARS spectral shape from the Raman lineshape. It follows that,  

 
{ } 2)3()3()3(2)3(2)3()3( Re2 NRRNRRNRRasI χχχχχχ ++=+∝  

 

The CARS spectrum is composed of a resonant contribution 
2)3(

Rχ , a nonresonant 

background 
2)3(

NRχ , and a mixing term { })3()3( Re2 RNR χχ . This mixing term gives rise to 

the dispersive line shape of the vibrational resonances as shown in Figure 1.2.7 

The presence of a nonresonant background in CARS can be problematic. In 

particular, for a weak vibrational resonance, the background may overwhelm the resonant 

information. In biological systems, where the concentration of interesting molecular 

species is usually low, the nonresonant background from aqueous surrounding can easily 

dominate the resonant signals. The mixing term not only adds an offset but also leads to 

broadened and distorted line shapes relative to the Raman spectrum. For this reason, most 

of the efforts during the last decade have been in suppressing the nonresonant 

background or turning it into an advantage for certain applications.  
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Figure 1.2:  Three components of the generated CARS signal poltted as a function of 
detuning (Δ= )( SPj ωω −−Ω ). Resonant term (solid line), the non-resonant 
background term (dotted line), and the mixing term (with a dispersive 
shape) (dashed line). Reproduced from Figure 3 in Evans et al.7 

1.2.2 Experimental realization of CARS microscopy  

From the brief description of the CARS process, the main features of CARS 

microscopy can be derived. The contrast mechanism in CARS microscopy is addressed 

by the vibrational resonances in )3(χ . If the frequency difference between pump and 

Stokes, SP ωω − , matches with the frequency of a molecular vibrational mode, vibΩ , then 

the resonance term leads to a strong CARS signal. By scanning the laser beams over the 

sample, the distribution of a molecular species with a vibrational resonance, vibΩ , is 

mapped. CARS microscopy can be considered as CARS spectroscopy with very tight 

laser focus with fast beam-scanning mechanism. But there exist several differences 

between CARS microscopy and bulk spectroscopy, especially in excitation geometry and 

the laser sources.15-18  

As mentioned earlier, in order to generate a strong CARS signal, the phase 

matching condition should be met. The first CARS microscope was built using a 

nonlinear geometry to fulfill this requirement. As a result of the two laterally displaced 

excitation beams before the focusing lens, this scheme suffered from low spatial 
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resolution and sensitivity, and its complexity hampered the further development of CARS 

microscopy. CARS microscopy was reinvigorated when a collinear excitation geometry 

was employed under tight focusing conditions. Tight focusing with high-numerical-

aperture (NA) lenses (>0.8) relaxes the phase-matching condition and forms diffraction-

limited spot sizes for NIR laser around 400 nm. This and the large cone of wave vectors 

present in the tightly focused beams lead to a realization of phase-matching condition 

and, consequently, a strong CARS signal.19  

For structures that are significantly larger than the wavelengths involved, the 

CARS signal propagates exclusively in the forward direction, as the nonresonant signal 

from the surrounding medium does. In forward collection, this would severely limit the 

signal-to-background ratios. However, for the objects much smaller than excitation 

wavelengths, a detailed theoretical calculation shows that decent level of CARS signals 

can be collected in the backward direction. Due to the phase-matching condition satisfied 

in all directions for the small structures, CARS signals radiate in more or less 

isotropically. Evidences show that this backward- or epi- detection is efficient to suppress 

the nonresonant background from the solvent.20    

Recent advances in CARS microscopy have been facilitated by the development 

of new laser sources. It is believed that the ideal sources for CARS microscopy are 

picosecond tunable laser systems operating in the NIR. Most of CARS microscopy have 

been demonstrated by use of two electronically synchronized Ti:sapphire oscillators 

providing picosecond pump and Stokes. The latest laser source is from the signal and 

idler outputs of an optical parametric oscillator (OPO) used as the pump and Stokes 

frequencies, respectively.21 The different frequency of these two pulses should match the 

vibrational energy and one vibrational mode can be probed at a time by PMT with great 

sensitivity as shown in Figure 1.3a. A frequency-resolved CARS spectrum is recorded by 
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tuning the wavelength of one laser beam. This tedious process becomes more friendly for 

a broadly tunable picosecond OPO, based on a noncritically phase-matched crystal for 

parametric down-conversion. The entire chemically important vibrational frequency 

range of 200 – 3600 cm-1 can be probed without cavity adjustment. There are a lot of 

applications in single-frequency CARS microscopy as demonstrated by Xie et al for the 

last decade.7 Owing to the high cost and slow frequency scanning speed of ps laser 

systems, an alternative approach has received much attention, where broadband pump 

and Stokes pulses are linearly chirped to achieve high spectral resolution.22 CARS 

spectrum can also be acquired without changing any laser cavity condition.  

However, CARS can be configured to measure a vibrational spectrum with a 

broadband laser pulse. In this configuration, a narrow-bandwidth pump pulse and a 

broad-bandwidth Stokes pulse are used to simultaneously excite multiple Raman 

resonance frequecies in multiplex CARS as shown in Figure 1.3b.18,23 Thus, a wide rage 

of Raman shifts is captured in a single-shot by a spectrometer. The bandwidth of the 

pump pulse determines the inherent spectral resolution, while that of Stokes pulse 

determines the spectral width of the CARS spectrum. And the observed spectrum is 

approximately the product of the dispersive CARS spectra profile and the Stokes pulse 

intensity spectrum. In 2001, Otto et al demonstrated the first multiplex CARS 

microscopy by the combination of narrow-bandwidth and broad-bandwidth picosecond  

dye lasers, followed by signal detection with a spectrometer equipped with a CCD.24 

Later, multiplex CARS microscopy has been typically implemented with two 

synchronized Ti:sapphire oscillators that provides transform-limited picosecond pump 

and femtosecond Stokes pulses.23 A broadband multiplex CARS microscopy based on a 

single femtosecond pulse source in the fingerprint region has also been demonstrated by 

Silberberg et al.25 Combined with a broadband continuum generated by a nonlinear fiber, 
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CH stretching vibration region can be recorded as well.26 In general, multiplex CARS 

microscopy can provide much more information than single frequency CARS by 

providing a vibrational spectrum.27 

 

 

Figure 1.3: Energy level diagrams for (a) single-frequency CARS (b) multiplex CARS 
process. 

 

1.3 MOTIVATION 

It is the profound vibrational information of multiplex CARS microscopy that 

draws our attention. As one can see in Raman spectra of a series of fatty acid of Figure 

1.4, molecular identification can be performed by analyzing characteristic vibrational 

peaks. Different fatty acids have different numbers of carbon atoms and double bonds in 

the acyl chain, which explains their different vibrational spectrum in Fig. 1.4. Thus, 

Raman microscopy can distinguish different molecules by analyzing characteristic 

vibrational spectrum. However, the detection is time-consuming due to the small Raman 

signals, and multiplex CARS microscopy can perform the same task in a much faster 

speed. To avoid the complexity and high cost optical setup, we use a Ti:sapphire cavity 

dumping femtosecond laser pulse to implement a single broadband interferometric 
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multiplex CARS by manipulating amplitude and phase of pulse at the vibrational 

fingerprint region.  

 

 

Figure 1.4:  Raman spectra for different fatty acids in the vibrational fingerprint region. 
The right of the figure shows the corresponding molecular structures for the 
fatty acids.  

For a single pulse multiplex CARS, the laser power is distributed over many 

vibrations resulting in the lower sensitivity than that of single-frequency CARS. By 

spectral focusing mechanism, the “chirped broadband” laser pulse pairs can focus the 

entire broadband energy in a single vibrational mode with high spectra resolution. With 

the simple passive optical components and time delay between the pulse pairs, the single-

frequency CARS microscopy with tunable vibrational frequency at the fingerprint region 

can be easily set-up without the need of advanced laser sources. Combined with the 

supercontinuum generation from a photonic crystal fiber pumped by our fundamental 

laser, the high signal level at CH stretching region is achieved. By the spectral imaging at 
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2840 and 2930 cm-1, we can map the distributions of lipid and protein inside the cell and 

animal tissue without any sample preparation.   

 

1.4 DISSERTATION OVERVIEW  

1.4.1 Chapter 2 Single-Beam Homodyne SPIDER for Multiphoton Microscopy 

A new version of spectral phase interferometry for direct electric field 

reconstruction (SPIDER) is developed that requires only a single phase-shaped laser 

beam. A narrow band probe pulse is selected out of a broadband ultrafast laser pulse by a 

phase pulse shaping technique and mixed with the original broadband pulse to generate a 

second harmonic generation (SHG) signal. Using another SHG signal generated solely by 

the broadband pulse as a local oscillator, the spectral phase of the broadband laser pulse 

can be retrieved analytically by a combination of double quadrature spectral 

interferometry (DQSI) and homodyne optical technique for SPIDER (HOT SPIDER). An 

arbitrary spectral phase at the sample position of a microscope can be compensated with a 

precision of 0.05 rad over the FWHM of the laser spectrum. It is readily applicable to a 

nonlinear microscopy technique with a phase-controlled broadband laser pulse. 

1.4.2 Chapter 3 Chemical Imaging by Interferometric Multiplex CARS Microscpy  

The significant improvements in both signal sensitivity and imaging speed of 

Fourier transform spectral interferometry coherent anti-Stokes Raman scattering (FTSI-

CARS) microscopy will be discussed. With a help of an apodization function in the 

signal retrieval process, background due to the spectral change of non-resonant signals is 

eliminated. We experimentally verify that the sensitivity of the improved method is 

nearly shot-noise-limited. The current maximum detection sensitivity is ~10 mM of 

aqueous sulfate ions, which correspond to ~ 106 oscillators in the microscopy focal 
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volume. Operating the charge-coupled device (CCD) in the crop mode increases the 

image acquisition speed by more than ten times. A vibrational hyperspectral image of a 

polymer sample with 100 × 100 pixel can be obtained within 3 s. With the improved 

sensitivity and speed, we also perform three-dimensional volume imaging. Superior 

chemical selectivity is demonstrated with a mixture of two different oil droplets, which 

have identical vibrational peak positions but different relative peak ratios. 

1.4.3 Chapter 4 Three-Dimensional Imaging of Director Field Orientation in Liquid 
Crystals by Polarized Four-Wave Mixing Microscopy  

Non-degenerate four-wave mixing (FWM) signals from liquid crystals (LCs) 

excited by near IR ultrafast pulses can probe local molecular orientations of LCs. The 

two laser pulses are selected out of a single broadband Ti:Sapphire laser by a pulse 

shaper and focused on LC samples to generate strong FWM signals. We demonstrate 

laser-scanning FWM microscopy with topological defects in a smectic A LC material. 

The image contrast originates from the anisotropic nonlinear response of LC molecules 

and the high signal sensitivity allows fast depth-revolved imaging.  

1.4.4 Chapter 5 Chemical Imaging and Microspectroscopy with Spectral Focusing 
CARS 

Two different CARS microscopy and micro-spectroscopy methods will be 

discussed that are based on the spectral focusing mechanism. Chirped broadband pulses 

from a single Ti:Sapphire laser generate CARS signals at the fingerprint region. Fast 

modulation of the time delay between the pump and Stokes laser pulses with lock-in 

signal detection eliminates the non-resonant background and produces Raman-like CARS 

signals over 800 – 1700 cm-1 with spectral resolution of 20 cm-1. With IR 

supercontinuum pulses generated from a photonic crystal fiber, CARS signals over 
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2800 – 3100 cm-1 is obtained with spectral resolution of 30 cm-1. Chemical imaging and 

micro-spectroscopy are demonstrated with various samples. 

1.4.5 Chapter 6 Quantitative Chemical Imaging with Multi-Frequency CARS 
Microscopy  

The molecular optical imaging is in high demand for the biomedical detection and 

diagnosis of disease. Most of the optical microscopy tools visualize morphological details 

in tissue. We present a non-invasive method, multi-frequency CARS microscopy to 

distinguish lipid from protein in the tissue via the spectra imaging analysis. By spectral 

focusing mechanism, rapid frequency switching can be obtained and enables the spectral 

imaging at several characteristics vibrational frequencies. Also with a reference of water 

as the non-resonant background, we can remove the nonresonant signals from our image 

contrast at each pixel via our data analysis, and the quantitative CARS signals can be 

extracted as well.Seveal histology images based on CARS will be demonstrated here to 

show the capability of molecular histology without labeling.   

1.4.6 Chapter 7 Stimulated Raman Scattering Microscopy with Chirped Broadband 
Pulses 

The first work shows the feasibility of the chirped broadband spectra focusing 

mechanism in the application of SRS (stimulated Raman scattering) microscopy and 

microspectroscopy in the fingerprint region. With the high peak power and proper pulse 

duration, the Raman gain can be enhanced without the photodamage problem in the 

optical microscopy application. Moreover, the balanced detection technique can increase 

the signal-to-noise ratio by one order of magnitude. With the proper amount of dispersion 

and wavelength of laser pulse, this idea should work in the CH stretching region, where 

strong vibrational signals are expected from biological systems.  
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Chapter 2:  Single-Beam Homodyne SPIDER for Multiphoton 
Microscopy  

 

2.1 INTRODUCTION 

Recently, there has been growing interest in the nonlinear optical microscopy 

techniques utilizing phase-controlled ultrafast laser pulses.1-4 It opens up new 

opportunities such as three-dimensional sectioning1,2, high contrast3, and chemical 

selectivity in optical microscopy.4,5 In nonlinear microscopy techniques, nonlinear optical 

process is excited by laser beam that is tightly focused by high numerical aperture (NA) 

microscope objective. High NA microscope objective is an elaborate optical component 

with several lenses inside. It introduces not only the group delay dispersion [(GDD), the 

second-order dispersion] but also significant high-order spectral phase distortions and its 

dispersion characteristics are usually unknown. In general, the entire optical dispersion, 

not only the GDD of the laser pulse should be compensated if one wishes to exploit the 

full potential of a broadband laser pulse. For example, Xi et al.2 demonstrated that, the 

maximal two photon fluorescence (TPF) signal by sub-10 fs laser pulses can be obtained 

on the condition that the entire optical dispersion is compensated. They also showed that 

the higher sample penetration depth and reduced photobleaching can be achieved by the 

compensation of higher-order phase dispersion. Therefore, it is necessary to compress the 

ultrashort pulse at the sample position. Furthermore, in the case of a pulse with >100 nm 

bandwidth, the approximation of the spectral phase simply with polynomials is in 

question. So there is a need to characterize the exact dispersion of the optical system and 

also to compress it precisely. 



 17

The use of a high NA objective lens also requires the pulse characterization 

technique to have either a collinear or a single-beam configuration thanks to the harge 

converging angle of the focused laser beam. There are several such pulse characterization 

techniques: multiphoton intrapulse interference phase scan (MIIPS)5,6 and some versions 

of spectral phase interferometry for direct electric field reconstruction (SPIDER)7-9 

utilizing a pulse shaper, an arbitrary spectral phase can be compensated in situ once the 

spectral phase is characterized. The MIIPS technique developed by Dantus and co-

workers uses spectral interference between intra-pulses inside a phase-controlled 

broadband pulse to retrieve the spectral phase5. It is an iterative method and takes a rather 

long measurement time (~ minutes). A noniterative version of MIIPS was also 

demonstrated6. Monmayrant et al. demonstrated a time-domain version of homodyne 

optical technique for SPIDER (HOT SPIDER) with an acousto-optic pulse shaper 

(Dazzler)7. von Vacano et al. also presented a shaper-assisted collinear SPIDER8. Both 

the above SPIDER techniques generate time delayed replica of the target pulse by a phase 

and amplitude pulse shaper and apply SPIDER methods to retrieve the spectral phase of 

the target pulse. We reported a single beam SPIDER method9, which select two narrow 

band probe pulses by a phase and polarization pulse shaper to generate the spectral shear 

interferogram with the remaining broadband pulse and retrieve the spectral phase of the 

original pulse. However, all the above SPIDER techniques require controlling either 

amplitude/phase or polarization/phase of the laser pulse and are not directly applicable to 

the experiments with a phase-only shaped pulse.  

In this work, we report a new version of single beam SPIDER technique, which 

requires only a phase-only pulse shaping. It shares the same concept with the previously 

reported frequency domain HOT SPIDER11, but all the necessary pulses are selected 

inside a single broadband laser pulse by a phase-only pulse shaper. In the previous HOT 
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SPIDER11, a SHG signal from mixing of a broadband target pulse and a long probe pulse 

interfere with a separately generated local oscillator. Spectral phase of the target laser 

pulse is obtained by Fourier transform spectral interferometry (FTSI) between the SHG 

signals and the local oscillator. In the current single beam homodyne SPIDER method, 

we use a double quadrature spectral interferometry (DQSI)12 with a local oscillator 

generated by the same pulse and retrieve the spectral phase via the HOT SPIDER 

algorithm11. 
 

2.2 EXPERIMENTAL SECTION 

The phase of a broadband laser pulse from a Ti:Sapphire oscillator (80 MHz 

repetition rate, KM labs) is controlled by an all reflective 4f pulse shaper with a 640 pixel 

liquid crystal spatial light modulator (CRI)9. The spectral resolution of our pulse shaper is 

0.4 nm limited by the size of a single SLM pixel at the Fourier plane. Figure 2.1a shows 

the spectrum of our laser pulse and a phase mask used in this experiment. The phase-

shaped laser pulse is focused to a 10 μm thick Type I BBO crystal with a 1.2 NA 

microscope objective (Olympus). The SHG signals are collected with a 0.4 NA objective 

(Olympus), filtered by a BG 28 filter, and measured with a mini-spectrometer (USB4000, 

Ocean Optics). The pulse energy of 0.4 nJ, measured before the focusing objective, is 

used in this report. With the applied phase of φpr at the probe frequency of ωpr, the 

original pulse can be considered as two separated pulses; a narrow band probe pulse at 

ωpr with a phase of φpr (Epr(ω) in Figure 2.1b) and a broadband pulse with a hole at ωpr 

(Eh(ω) in Figure 2.1b). I.e. 

 

)()()(0 ωωω prh EEE +=   
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Figure 2.1: (a) Spectrum of the laser (top) and phase mask used in the experiment 
(bottom). (b) Two SHG components from the laser pulse with the phase 
mask in (a). 

where )()()()( 00
prh EEE ωωδωωω −−≡  and )()()( 0

prpr EE ωωδωω −≡ . )(ωδ is 

the delta function and we assume the probe pulse has a very narrow bandwidth. Second 

harmonic generation (SHG) signals by these pulses have two components as depicted in 

Figure 2.1b. )()1( ωSHGE  in Figure 2.1b is the SHG signal from mixing of the narrow band 

probe pulse (Epr(ω)) and the original broadband laser pulses (E0(ω)). )(ωLO
SHGE  in Figure 

2.1b is from mixing of the laser pulse with a hole (Eh(ω)) and the original broadband 

laser pulse (E0(ω)). One can verify the two SHG components by the following equation. 

The entire SHG electric field, ESHG(ω) becomes 
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where ∫ ΩΩ−Ω≡ )()()( 0EEdE h
LO
SHG ωω  and )()()( 00)1(

prprSHG EEE ωωωω −≡ . Note 

that )()1( ωSHGE  has the same spectral phase as E0(ω) with a controllable phase offset (φpr) 

due to the narrow bandwidth of the probe pulse. The detected SHG signal )()1( ωS  is 

 

( ))()(cos)()(2)()(

)()()(

)1(2)1(2

2)1()1(

prpr
LO

SHG
LO
SHGSHG

LO
SHG

SHG
LO
SHG

EEEE

EES

ωωφφωφωωωω

ωωω

−−−++=

+=

 

 

where φ(ω) and φLO(ω) are the spectral phases of E0(ω) and )(ωLO
SHGE , respectively. φpr is 

the phase we apply to select the probe pulse. We can extract )()( pr
LO ωωφωφ −−  from 

quadrature measurements8,10 with four different probe phases, φpr by 
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where ),()1(
prS φω  is the measured SHG signals with a probe phase of φpr. If we choose 

the probe at slightly shifted frequency region (at ωpr + δω  instead of ωpr), the resulting 

spectral phase becomes 
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where ),()2(
prS φω  is the SHG signal with an applied phase mask of φpr at ωpr + δω.  

Note that φLO(ω) in eqs. 1 and 2 are almost identical since the probe bandwidth is much 

narrower than the original bandwidth of the broadband laser pulse. By subtracting eq. 1 

from eq. 2, we obtain 
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From the measured θ (ω) one can obtain the spectral phase of the original laser pulse, 

φ(ω), by 

                     ∑
=
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where n is positive integer. Note that θ (ω) is equivalent to the spectral shear phase in the 

conventional SPIDER technique. 
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Figure 2.2:  (a) Measured SHG spectra with the probe phase (φpr) of 0, π/2, π, and –π/2. 
The probe wavelength is 778 nm. Each trace is displaced vertically for 
clarity. (b) Spectral phase of the laser pulse at the microscope sample 
position before (thin line) and after the pulse compression (thick line with 
error bars). Note the difference in the vertical scales. 

 

2.3 RESULTS AND DISCUSSIONS 

Figure 2.2 shows the four SHG spectra with φpr = 0, π/2, π, and –π/2. The probe 

pulse has a bandwidth of 1.6 nm (equivalent to four SLM pixel widths) at 778 nm. One 

can see that the spectral interference fringes change with φpr in Figure 2.2a. After 

measuring another sets of SHG signals with the probe at 783 nm, we retrieve the spectral 

phase of the original laser pulse (φ(ω)) with eqs. 3 and 4 (thin curve in Figure 2.2b). Note 

that we partially compress the laser pulse by moving the grating in the pulse shaper and it 

causes the unusual spectral phase at Figure 2.2b4. After applying the compensating phase 

mask, the spectral phase becomes flat within 0.5 rad. Although no iteration is required in 

principle, a few iterations help to compress the pulse further and we speculate that it is 

probably due to the imperfect SLM calibration. The thick line in Figure 2.2b shows the 
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measured spectral phase after three iterations. The standard deviation of the retrieved 

phase over the FWHM of the laser spectrum is less than ± 0.05 rad, which is the current 

error limit of our technique. We take twenty spectral phase measurements to calculate the 

error bars in Figure 2.2b. Possible error sources can be imperfect SLM calibration, laser 

fluctuation during the measurements, and transverse field effect of the SLM. The finite 

bandwidth of the probe also makes the local oscillators in S(1) and S(2) measurements 

slightly different and may cause an additional error. Note that the spectral resolution of 

SPIDER is limited by frequency difference between two probes (δω), not by the 

bandwidth of the probe pulse.  

 

2.4 CONCLUSIONS 

In summary, we demonstrated a new version of homodyne SPIDER requiring 

only a single phase-controlled laser beam. It can characterize and compress an arbitrary 

spectral phase at the sample position of a microscope with a great precision. It has a very 

simple experimental setup, relatively fast (it takes only eight SHG measurements, ~ 4 s in 

the current experiment) and easily applicable to a nonlinear microscopy technique based 

on a phase-controlled pulse. 
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Chapter 3:  Chemical Imaging by Interferometric Multiplex CARS 
Microscpy  

 

3.1 INTRODUCTION 

Compared to the narrowband CARS method, the multiplex CARS technique has 

received much attention since a complete vibrational spectrum can be obtained in a single 

measurement to provide great chemical selectivity by analyzing multiple vibrational 

peaks (Figure 3.1).1 The aforementioned non-resonant background, however, has been a 

major problem is this method due to a shorter pulse duration.2 The problem was solved 

when interferometry method was applied to discriminate the resonant signal against the 

non-resonant background since two signals have different phase responses.1,3-9 

Interferometry also increases the signal sensitivity significantly via the homodyne 

amplification with a strong local oscillator.1,10 Here, a single broadband laser pulse 

excites multiple vibrational peaks simultaneously and a narrowband probe pulse selected 

by phase from the same pulse generates CARS spectrum in a single measurement. 

Recently, we have developed Fourier transform spectral interferometry CARS (FTSI-

CARS) technique,1,5,8,10 an interferometric multiplex CARS technique that can obtain 

Raman-like vibrational spectrum of sample molecules by manipulating the spectral 

amplitude and phase of a single broadband laser pulse.  

Since the shorter pulse is used to have achievable spectral information,11 it also 

induces more sample photodamage due to the nonlinear properties, lowering the allowed 

laser power that a sample can tolerate. Therefore, it is important to do optimize the 

power, bandwidth and phase of the pump, Stokes, and probe pulses, independently, by 

pulse shaping to improve the sensitivity.1 In addition, by use of a laser with a lower 
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repetition rate increases the signal-to-noise ratio. Vibrational spectra from liquid and 

polymer samples under a microscope are obtained in a time scale of tens of microseconds 

at a single spatial position. Moreover, by the introduction of a time apodization function 

in the FTSI process, sensitivity of this method is improved further.10 In order to increase 

the image speed, charge-coupled device (CCD) is operated in the so-called crop mode to 

expedite CCD data transfer speed. We show that a vibrational hyperspectral image of 100 

x 100 pixels for a polymer mixture can be obtained in 3 s. 3D volume imaging of 100 x 

100 x 50 pixels can be completed in 3 min. Chemical imaging of polymer and edible oil 

samples are performed to demonstrate the capability of the improved technique. 

 

               

Figure 3.1:  Multiplex CARS process. Note that the broadband pump and Stokes pulses 
create coherent vibrations and the probe pulse generates a CARS spectrum 
over 500 – 1400 cm-1 range in the current experiments. 

 

3.2 FUNDAMENTALS OF INTERFEROMETRIC MULTIPLEX CARS  

3.2.1 Optimal Amplitude and Phase Shape for Multiplex CARS Signal Generation 

We select the pump, Stokes and probe pulses inside a single broadband laser pulse 

by a phase and amplitude pulse shaping technique.1,7,12 In this section, we consider the 

optimal amplitude and phase shape in the CARS excitation laser configuration. Our goal 
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is to generate strong resonant CARS signals over the fingerprint region of organic 

molecules (600 ~ 1800 cm-1). Since the sample photodamage limits the maximum 

allowable laser power, we are seeking for the optimal laser pulse shape under a given 

total laser power. 

It is easier to understand the CARS process by dividing it into the excitation and 

probing steps.12,13 The pump and Stokes pulses generates the coherent vibration (Raman 

coherence) in the excitation step. Then, the probe pulse scatters off the coherent vibration 

to generate the CARS signal (Figure 3.1).  

Let’s consider the excitation step first. A(Ω), the coherent vibrational excitation at 

the frequency of Ω is described by13  
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where EP and ES are the electric fields of pump and Stokes laser pulses. φP(ω) and φS(ω) 

are the phase of pump and Stokes pulses at the frequency of ω, respectively. As one can 

see in Eq. 1, A(Ω) is maximized when EP and ES are transform limited (i.e. 

0)'()'( =Ω−− ωφωφ SP ).  There is, however, a choice of bandwidth for EP and ES in the 

multiplex CARS experiment. In Figure 3.2a, we compare two different amplitude shapes 

of pump/Stokes pulse combinations with the same total laser power. Since the Stokes 

pulse has a broad bandwidth, one can achieve a reasonable vibrational window in both 

cases. A(Ω) over 0 to 600 cm-1 is excited by either the two pump or two Stokes pulses. 

The 600 to 1800 cm-1 region is from the pulse combination of the pump and Stokes 
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pulses. Here we are only interested in optimizing the excitation over 600 to 1800 cm-1, 

which corresponds to the vibrational fingerprint region of organic molecules. Note that 

the pump pulse with a narrow bandwidth (Pump 1 in Figure 3.2a) is used in typical 

multiplex CARS experiments.11,14 Figure 3.2b shows the simulated A(Ω) with the two 

pump/Stokes pulse configurations in Figure 3.2a and Eq. 1. Stronger and broader A(Ω) is 

generated by the broadband pump pulse (solid line in Figure 3.2b). This can be 

understood by the following consideration. Since A(Ω) is essentially a convolution of the 

pump and Stokes electric fields, the amplitude of A(Ω) depends linearly on both the 
amplitude and bandwidth of EP(ω). i.e. ∫∝ ωω dEA P )( . The pump power (IP), 

however, has a different dependence on the amplitude of the electric field, 

∫= ωω dEI pP

2
)( . This leads to a larger amplitude of A(Ω) with a broadband pump 

pulse.  

 

 

Figure 3.2: (a)Spectra of two different pump/Stokes pulse shapes used in (b) the 
simulation of coherent vibration excitations, A(Ω). The powers of pump 1 
(dotted line) and 2 (solid line) are set to be equal. The Stokes pulse is 
identical for the both simulations. 

There is, however, a complicating experimental factor. The sample photodamage 

is most likely nonlinear with femtosecond laser pulses and a shorter pump pulse (broader 

bandwidth) causes more photodamage than a longer pulse with the same laser power.15,16 
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Accordingly, these two factors should be compromised to generate the optimal signal.  

In experiments with polymer samples, we find that the pump pulse with ~300 cm-1 

bandwidth generates the optimum CARS signal. 

 

 

Figure 3.3:  Amplitude and phase shape of the (a) flat phase and (b) π phase probes. The 
real and imaginary parts of the simulated resonant CARS signals (PR) from a 
single vibrational resonance (Γ = 5 cm-1) by (c) the flat phase probe and (d) 
the π phase probe, respectively. Note that the bandwidths of the both probes 
are identical (20 cm-1). 

The next step is to scatter off the generated coherent vibration by the probe pulse. 

Since we wish to generate a vibrational spectrum with a high spectral resolution, the 

probe pulse should have a narrow bandwidth.7,13,23 Note that we are using separate pump 

and probe pulses,12,13,23 which is different from typical multiplex CARS experiments 

where a degenerate pump and probe pulse is used.8,12,13  In the current experiment, we 

select the probe pulse primarily by the phase pulse shaping since the pump and probe 
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pulses are taken in the same frequency region of the laser. Since the resonant CARS 

signal generated by this narrow phase-shifted probe pulse has a different phase than the 

non-resonant signal, we can extract the resonant signal with the help of FTSI.5 The 

extraction method is explained in the following section. Here we consider the optimal 

probe phase shape to achieve a high spectral resolution with a given probe bandwidth. 

Let’s consider the two different phase masks for the probe pulse (Figure 3.3a and b). 

Note that the two probe pulses have the same bandwidth. Figure 3.3a shows a probe pulse 

with a flat spectral phase (flat phase probe) and this is what the previous demonstration 

has used.5 The flat phase probe, however, also generates coherent vibrational excitation 

acting as a pump pulse. This is not a serious problem as long as the power of the narrow 

band probe pulse is small comparing to that of the broadband pump pulse. If the probe 

pulse has a significant intensity, the excitation (A(Ω)) begins to have a non-negligible 

component generated by the phase-shifted probe pulse and the phase structure of A(Ω) 

becomes complicated. This can be avoided by using a π step phase pulse (π phase probe) 

shown in Figure 3.3b.7,17 Let’s consider A(Ω) excited by the π phase probe as a pump 

pulse. Since the Stokes pulse, ( )ωSE  has a much broader bandwidth than the probe 

pulse, Eq. 1 becomes 
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where PrE  is the electric field of the probe, Prω  is the center frequency of the probe 

pulse. Δ is the half bandwidth of the probe (our probe pulse has an amplitude shape of a 

boxcar). Under this condition, the integration in Eq. 2 cancels. i.e. 

 
0)()()()( * =ΔΩ−−≈Ω prSprpr EiiEA ωω  

 

So the π probe pulse does not excite coherent vibrations with a broadband Stokes 

pulse. This is an important aspect since one can use a high intensity narrow band probe 

pulse without generating a complicated phase structure in the resulting CARS spectrum. 

The resonant and non-resonant CARS signals are described by13 

 

)()()()(
0

ΩΩ−ΩΩ= ∫
∞

AEdP prRR ωχω   (3) 

)()()()(
0

ΩΩ−ΩΩ= ∫
∞

AEdP prNRNR ωχω   (4) 

 

where RP  and NRP  represent the polarizations of the resonant and non-resonant CARS 

signals, respectively. Rχ  and NRχ  are the third order nonlinear susceptibilities for the 

resonant and non-resonant CARS process, respectively. The vibrational susceptibility 

Rχ  has the Lorentzian spectral line shape, i.e. 
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where ak, Ωk and Γk are the relative intensity, frequency and linewidth of vibrational 

mode k, respectively. Note that Rχ  has a π phase shift at every vibrational resonance.23 

The non-resonant susceptibility is usually approximated by13   

 

Ω≡Ω NR
NR

αχ )(                      (6) 

 

In Eqs. 5 and 6, Rα and NRα  represent the amplitude coefficients of the resonant 

and non-resonant susceptibilities, respectively, responsible for the wavelength 

independent factors such as concentration, electronic polarizability, etc.12 Note that 

Rα / NRα  determines the relative intensity ratio between the non-resonant and resonant 

CARS signals.12 

The π probe pulse compensates the π phase shift of Rχ  to maximize the CARS 

signal generation and also yields a narrow vibrational linewidth.17 As pointed out by 

Silberberg and co-workers, the probe phase, )/)arctan(()( Γ−= prωωωφ  is optimal for 

the resonant CARS signal generation.17 The closest phase shape which we can produce 

with our pulse shaper is the one shown in Figure 3.3b due to the limited spectral 

resolution of the liquid crystal spatial light modulator. Figure 3.3c and d show the real 

and imaginary parts of the simulated CARS signals by the flat phase and π phase probes, 

respectively. In the simulation, we set the probe bandwidth to 20 cm-1 and use a single 

vibrational resonance with Γ = 5cm-1 in Eq.5. One can see that the vibrational linewidth 

with the π probe pulse is about twice narrower than that by the flat phase probe (Figure 

3.3c and d).17 So the π phase probe is a good choice in term of the spectral resolution too. 

There is, however, a problem with the line shape of the CARS spectrum generated by the 

π phase probe. In Figure 3.3d, neither the real nor imaginary part of the CARS signal has 
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the Raman-like line shape. This is due to the π step phase structure of the probe pulse 

involved in Eq. 3. We find that a Raman-like lineshape can be obtained if the entire 

complex quantity of ( )ωRP  is available. The sum of the amplitude and imaginary part of 

( )ωRP  shows a high spectral resolution with a Raman-like line shape as shown in Figure 

3.4a. In Figure 3.4, the CARS simulation is performed with the 1001 and 1028 cm-1 

vibrational peaks from toluene (Γ = 5 cm-1 and the probe bandwidth is 20 cm-1). One can 

see that the π phase probe achieves a better spectral resolution than the flat phase probe 

as shown in Figure 3.4b. Note that the simulated CARS spectra in Figure 3.4b show the 

sum of amplitude and imaginary part for the signal by the π phase probe and only the 

imaginary part for that by the flat phase probe. 

 

 

Figure 3.4: (a) Simulated imaginary part (Im[PR]), amplitude (|PR|) and a sum of the 
imaginary part and amplitude (Im[PR]+ |PR|) of the resonant CARS signal by 
the π phase probe. Spectral parameters from Raman spectrum of toluene is 
used in the simulation (resonance at 1001 and 1028 cm-1,  Γ = 5 cm-1). 
Each trace is displaced vertically for clarity. (b) Simulated toluene CARS 
signals; Im[PR]+ |PR| by the π phase probe (solid line) and Im[PR] by the flat 
phase probe (dotted line). Note that the bandwidths of the two probes are 
identical (20 cm-1). 
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Figure 3.5: FTSI-CARS simulations: (a) The CARS (top) and the reference (bottom) 
laser pulse shapes used in the simulation. The CARS laser pulse has the π 
phase probe at the probe frequency region and the reference laser pulse is 
transform-limited. The reference laser pulse is transform-limited. (b) 
Simulation of cyclohexane CARS signals by the CARS laser pulse (Sπ, solid 
line) and the reference laser pulse (S0, dotted line). (c) Normalized CARS 
signal (Sπ/ S0) which corresponds to the cross term in Eq. 7. (d) (top) FT of 
the normalized signal (Sπ/ S0). (bottom) zero-filled  (before the time zero) 
time profile to recover the entire complex quantity of PR. (e) imaginary part 
(bottom), amplitude (middle) and a sum of the imaginary part and amplitude 
(top) of the inverse FT of the bottom trace in (d). Traces in (b),(d) and (e) 
are vertically displaced for clarity. 

3.2.2 Fourier Transform Spectral Interferometric CARS (FTSI–CARS) 

In the previous section, we show that the π phase probe does not excite coherent 

vibrations and is efficient to generate a CARS spectrum with a narrow vibrational line 

shape. The broadband pump pulse (pump 2 in Figure 3.2a), however, does not have this 

discriminating property. It also generates CARS signal by acting as a probe pulse to yield 

orders of magnitude larger spectrally broad signals due to the short pulse duration. In 

other words, the spectrally resolved resonant CARS signal accompanies a much larger 

background.7,18 This background signal has two components from different origins. One 
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is the non-resonant CARS signal and the other is broad vibrational resonant CARS 

signals probed by the pump part of the laser pulse.12 Note that both backgrounds have 

very smooth spectral amplitude and phase shapes due to the broad bandwidth of the pump 

pulse. In most condensed samples, we find that the non-resonant component is much 

larger than the broad resonant one.12 This means that the background has a smooth 

spectral shape and is almost transform-limited. Next we explain how we can use the 

background as a local oscillator to extract a narrow vibrational CARS spectrum.  

Figure 3.5a shows the two CARS excitation laser spectra used in the simulation. 

The top trace in Figure 3.5a is the CARS excitation laser pulse with a distinct high 

intensity probe pulse with the π step phase (top trace). The π step phase of Figure 3.3b is 

applied in the narrow probe region. We also simulate the CARS spectrum with the 

reference excitation laser pulse (bottom trace in Figure 3.5a), which has a flat phase 

spectrum - i.e. transform limited- over the entire laser bandwidth. Figure 3.5b shows the 

simulated CARS signals (Sπ and S0) from cyclohexane (resonances at 801, 1028, 1158, 

1266 and 1444 cm-1)19 by the CARS and reference excitation laser pulses, respectively. 

We adjust the Rα / NRα  to match the relative amplitude of the interference fringe at 800 

cm-1 to the experimental result (Figure 3.8a). Note that the spectral shape of the reference 

signal (S0) has a very little dependence on the vibrational response of the sample since the 

non-resonant signal dominates in this signal.  

One can see that the narrow spectrally resolved CARS signals appear on top of 

the broad background in the top trace of Figure 3.5b (Sπ). This is in fact the cross term in 

the spectral interference between the non-resonant ( ( )ωNRP ) and spectrally resolved 

resonant ( ( )ωRP ) signals.5,7,12 Under the approximation of )()( ωω RNR PP >> , the 

measured signal, Sπ (ω) becomes  
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where ( )ωNRP  is the non-resonant signal by the CARS excitation laser pulse. One can 

get the cross term )*)()(( ωω RR PP +  by normalizing the CARS signal (Sπ (ω)) with the 

reference signal (S0). The normalized signal becomes 

 

)*)()((
)(

)(
)(
)(

)(/)( 20

2

00 ωω
ω

ω
ω
ω

ωωπ RR

NR

NR

NR

NR PP
P

P
P
P

SS ++≈  (8) 

 

where ( )ω0
NRP  are the non-resonant signal by the reference excitation laser pulse. Figure 

3.5c shows the normalized CARS signal ( 0/ SSπ ) from Figure 3.5b. Since the spectral 

shape of the non-resonant signal does not depend on the sample and the π probe part of 

the laser pulse does not excite the non-resonant signals, the first term in Eq. 8 
(

20 )(/)( ωω NRNR PP ) becomes a constant offset. The non-resonant contribution in the 

second term (
20 )(/)( ωω NRNR PP ) also has a very smooth frequency dependence 

comparing to the resonant signal ( )(ωRP + *)(ωRP ). As a result, 0/ SSπ  have the 

spectral line shape of *)()( ωω RR PP + , which is the real part of the resonant CARS signal 

(Figure 3.5c). We can retrieve the complex function of )(ωRP out of *)()( ωω RR PP +  by 

the following method. 

So far we consider CARS signals only in the frequency domain. In the time 

domain, it has an interesting symmetry property, which we use to extract the full complex 

quantity of )(ωRP  out of *)()( ωω RR PP + . Let’s consider Fourier transformation (FT) of 

Figure 3.5c. The upper trace in Figure 3.5d shows FT of Figure 3.5c (the normalized 

CARS signal). This is essentially FT of the real part of a Lorentzian function convoluted 

with the π phase probe (Eq. 3). It is a well known fact that a FT of a Lorentzian function 
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has zero amplitudes before the time zero and has an exponential decay of the amplitude 

after the time zero.20,21 Mathematically, 
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It is also interesting to compare FT of )(ωRP and *)(ωRP . A FT of a complex 

conjugate quantity in the frequency domain is equivalent to an inversion in the time 

domain.20,21 This can be easily proved by 
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In other words, )(ωRP and *)(ωRP are separated in the time domain.21 Note that a 

convolution with the π phase probe changes the result of Eq. (9), but )(ωRP and *)(ωRP  

are still separated in the time domain. If we apply the Heaviside step function, θ (t), to the 

FT of the normalized CARS signal of Eq. 8 (the lower trace in Figure 3.5d), we can select 

only )(tPR . i.e. 

 

( ) ( )[ ] ( )[ ]ωωωθ RRR PFTPPFTt =+ *)(  

 

Then an inverse FT recovers the full complex quantity of )(ωRP .5 
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( ) ( )[ ][ ] ( )ωωωθ RRR PPPFTtFT =+− *)(1        (11) 

Figure 3.5e shows the imaginary (bottom), amplitude (middle) and the sum of 

imaginary and amplitude parts (top) of the retrieved )(ωRP . As we discuss in the previous 

section, one can see that RR PP +]Im[  has the Raman-like line shape without any 

background. 

It is worth to consider the relationship of the current FTSI-CARS method with the 

Kramers-Kronig relations. As one may realize, what we are doing is to transform the real 

part of a CARS signal to the imaginary part of it. In fact, this is one of the Kramers-

Kronig relations,22  
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where ( )ωχ  is a general susceptibility. Our FTSI-CARS method can be reformulated 

with the convolution theorem20 (i.e. a multiplication in the time domain is equivalent to a 

convolution in the frequency domain). Eq. 11 can be rewritten as 
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The real and imaginary parts of the retrieved signal become 
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In the imaginary part of Eq. 14, we have the Kramers-Kronig relation (Eq.12) 

with ( )ωRP  instead of ( )ωχ . This implies that the current FTSI method is equivalent to 

the Kramers-Kronig relation. 

 

 

Figure 3.6: (a) Experimental setup: GR, grating; SLM, liquid crystal spatial light 
modulator; SM, beam scanning mirror; L1, scan lens; L2, tube lens; OBJ, 
microscope objective; S, sample on XYZ stage; F, short wavelength pass 
filter; SP, spectrometer. (b) Intensity and phase spectra of the CARS laser 
pulse used in FTSI-CARS experiments. 
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3.3 EXPERIMENTAL SECTION 

Figure 3.6a shows our experimental setup.1,10 We use single broadband pulses 

from a cavity-dumping Ti :Sapphire oscillator (Cascade, KM Lasers) to generate CARS 

signals. The output power of this laser is 40 nJ in a repetition rate of 2 MHz. The 

amplitude and phase of the laser pulse is controlled by an all reflective 4f pulse shaper 

using a 640 pixel dual bank liquid crystal spatial light modulator (SLM-640, CRI). The 

wavelengths of the laser shorter than 740 nm are blocked by a razor blade placed at the 

Fourier plane of the pulse shaper. Figure 3.6b shows the intensity and phase spectra of 

the shaped laser pulse after the pulse shaper.  Note that all the pump, Stokes, and probe 

pulses are chosen from a single broadband laser pulse. The spectral resolution of the 

pulse shaper is 0.4 nm, which corresponds to 5.3 cm-1 at 800 nm. The probe pulse is 

selected with four SLM pixels, which corresponds to a bandwidth of 21 cm-1. The shaped 

laser pulse is focused to a sample by a 1.2 numerical aperture (NA) water immersion 

microscope objective lens (Olympus). The CARS signals are collected by a 1.0 NA water 

immersion objective lens (Olympus), filtered by a sharp edge short wavelength pass filter 

(710AESP, Omega Optical) and directed to a spectrometer (Holospec f/1.8, Kaiser 

Optical Systems) equipped with a frame transfer back-illuminated CCD camera (DV887, 

Andor). Note that this CCD camera can measure the full vertical binned spectra with an 

exposure time as short as 20μs without a mechanical shutter thanks to the frame transfer 

CCD architecture. The spectral phase of the laser pulse at the sample position is 

characterized and compressed by the single-beam homodyne SPIDER (spectral phase 

interferometry for direct electric field reconstruction) technique developed in our group 

previously.23  

First, a reference spectrum is measured by applying a transform limited pulse 

without the probe pulse in Figure 3.6b. The generated signal with the CARS laser pulse is 
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then normalized with the reference spectrum, Fourier transformed, applied the Heaviside 

step function and inverse Fourier transformed to generate the vibrational spectra (Eqs. 8 

and 11). Vibrational hyperspectral imaging is performed by moving both the laser beam 

in one direction (y-axis) and translating the sample in the other direction (x-axis) by a 

piezo-driven scanning mirror (SM in Figure 3.6a, S-334.2SL, PI) and XY piezo-stage (P-

542.2SL, PI), respectively. The laser beam is scanned along the y-axis which translates 

the collected signal parallel to the input slit of the imaging spectrometer. The beam 

scanning is synchronized with the CCD to ensure that the scanning laser spot position is 

correlated with the measured CCD spectrum. After acquiring one line of the image, the 

sample is moved in the perpendicular direction (x-axis) by the sample piezo-stage and the 

next line of the image is measured by scanning the laser beam along the y-axis again. In 

this way, our maximum scan speed is limited by the CCD data transfer rate, not by the 

speed of the sample translation stage since the laser beam can be scanned faster than the 

sample stage. Although our CCD can measure the CARS signal with an exposure time as 

short as 20 μs, the data transfer speed of the CCD is max. ~2 ms/spectra and limits the 

current imaging acquisition speed. With a 1 ms exposure time per pixel, a 100 x 100 pixel 

image can be taken in 43 seconds which includes the CCD exposure, data transfer, FTSI 

numerical process.10 

Liquid samples are prepared by sandwiching a small drop of the liquid between 

two microscope coverslips. Polymer mixture samples are prepared by melting 

polystyrene (PS) and polyethylene terephthalate (PET) powders on top of glass 

substrates. Oil droplet is prepared by the following method. 0.05 g of olive and fish oils 

purchased from a local grocery store is mixed with 0.05 g of Triton X-100 (Sigma-

Aldrich) and stirred for 5 min. 6 mL of water is added to the mixture and stirred further 
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for 2 h. Separately prepared olive and fish oil droplet samples are mixed and a small drop 

from the mixture is sandwiched between two microscope coverslips. 

 

 

Figure 3.7: FTSI-CARS experiment: (a) Measured CARS signals from cyclohexane by 
the CARS (Sπ, top) and the reference (S0, bottom) laser pulses. (b) 
Normalized CARS signal (Sπ/ S0). (c) (top) FT of the normalized signal (Sπ/ 
S0) and (bottom) the zero-filled  time profile before the time zero. (d) 
Imaginary part, amplitude and a sum of the imaginary part and amplitude for 
the inverse FT of the zero-field time profile (the bottom trace in (c)). Traces 
in (a), (c) and (d) are vertically displaced for clarity. The CCD exposure 
time is 1 ms. 

 

3.4 Results  

3.4.1 FTSI-CARS Spectroscopy and Microscopy 

Figure 3.7a shows the measured raw CARS signals from cyclohexane with the 

CARS excitation laser pulse (Sπ) and the reference excitation pulse (S0). The CCD 

exposure time of 1 ms is used. The pump, Stokes and probe powers are 1.2, 0.8 and 0.3 

mW, respectively, which are measured before the focusing objective. Figure 3.7b shows 

the normalized CARS signal, which correspond to the cross term in Eq. 8. FT of this 

normalized spectrum is shown in Figure 3.7c (top trace). Applying the Heaviside step 

function (bottom trace of Figure 3.7c) and inverse Fourier transformation yields a 

homodyne-amplified resonant CARS spectrum with the full complex quantity shown in 
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Figure 3.7d. Sum of the imaginary part and amplitude of the obtained complex CARS 

signal shows a Raman-like vibrational spectrum (top trace in Figure 3.7d). The imaginary 

part (bottom) and amplitude (middle) of the CARS signals are also shown in Figure 3.7d. 

 

 

Figure 3.8: (a) FTSI-CARS spectra of cyclohexane and toluene taken under the 
microscope setup with 20 μs CCD exposure time. (b) FTSI-CARS spectra 
of polystyrene (PS) and polyethylene terephthalate (PET) with 100 μs CCD 
exposure time. Each trace is displaced vertically for clarity. 

Figure 3.8 shows the FTSI-CARS spectra obtained from cyclohexane and toluene 

with the CCD exposure time of 20 μs. Note that this CARS spectrum is taken with only 

40 laser pulses since the repetition rate of our laser is 2 MHz. The signal-to-noise ratio of 

the CARS spectra in Figure 3.8a are ~130 and ~280 for cyclohexane and toluene, 

respectively. The same power level is used as the experiment of Figure 3.7. Note that 

almost all the previous multiplex CARS experiments have been performed with more 

than tens of millisecond time scale.11,12,14 Also note that the vibrational peaks up to 1400 

cm-1 are clearly visible in Figures 3.7d and 3.8a. This extended vibrational window is 

possible since we compress our pulse at the sample position and there is negligible ACA 

(axial chromatic aberration) in our system. ACA leads the focuses of the pump and 

Stokes pulse are displaced at different vertical position leading to a poor spatial overlap 

between the two excitation laser pulses. We characterize the ACA at the focus of our 
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microscope by an epi-detected confocal micro-spectroscopy of a reflected laser pulse as 

shown in Figure 3.9a. One can see that there is no significant ACA in the current 

experimental setup in Figure 3.9b. We use a probe pulse with a bandwidth of 4 SLM 

pixels (corresponding to 21cm-1) and the spectral resolution is ~20 cm-1 measured by the 

full width at the half maximum of the 1001 cm-1 peak of toluene. One can see that the 

two neighboring peaks at 1001 and 1028 cm-1 are clearly resolved in our experiment. 

This result matches with the simulation in Figure 3.4b very well. Figure 3.8b shows the 

FTSI-CARS spectra of PS and PET film with the CCD exposure time of 100 μs. Since 

the polymers has lower photodamage thresholds, we lower down the pump power from 

1.2 to 0.5 mW while keeping the same Stokes and probe powers as used in the liquid 

experiment. The CARS signals of polymers in Figure 3.8b are noisier than the liquid 

signals in Figure 3.8a due to the lower pump power, but all the major vibrational peaks of 

the polymers are clearly visible. 

 

 

Figure 3.9:  (a) Experimental setup for ACA characterization: BS, 50:50 beam splitter; 
L, tube lens (focal length = 20 cm); SLT, 20 μm slit (inside the 
spectrometer); SP, spectrometer; OBJ, 1.2 N.A. microscope objective; M, 
Mirror on top of a sample stage with a motorized vertical actuator. (b) 
Normalized laser spectra obtained with three different vertical mirror 
positions at z = -1, 0 and 1 μm. z = 0 is the focus of the objective lens. 
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Figures 3.10a and b show chemically selective microscope images of a PS/PET 

mixture film. Note that we take the entire vibrational spectra at every spatial point. We 

construct the images by integrating 970 to 1040 cm-1 for PS and 1060 to 1140 cm-1 for 

PET in the 10,000 vibrational spectra. The pixel size in these images is 300 nm. An 

exposure time of 1 ms per pixel and the same laser power as Figure 3.8b are used here. 

The total image acquisition time is 43 seconds as described in the Experimental section. 

Note that the actual CCD exposure times for 10,000 spectra is 20 seconds but the data 

transferring and numerical process takes additional 23 seconds. One can clearly see that 

circular PS domains are surrounded by a PET domain in Figure 3.10. 

 

 

Figure 3.10: Chemical imaging of polystyrene (PS) and polyethylene terephthalate (PET) 
mixture film. Images are constructed with peaks at (a) 1000 cm-1 (PS), and 
(b) 1100 cm-1 (PET), respectively. The scale bar is 5 μm. The images have 
100x100 pixels and the pixel size is 300 nm ×300 nm. Note that these 
images are constructed from a single experimental scan, where each pixel in 
the image contains the complete spectrum over 500 ~ 1400 cm-1. The total 
image acquisition time is 43 seconds. 

3.4.2 FTSI-CARS and Time Apodization Function  

Figure 3.11 describes the new FTSI-CARS procedure. The measured CARS and 

reference signals from cyclohexane are shown in Figure 3.11a. Note that S0 in Figure 
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3.11a is not perfectly smooth and shows small fringes due to the etalon effect of CCD 

and non-flat transmission spectrum of the filter that is used to block the laser pulse. We 

use a back-illuminated CCD since it has about twice higher sensitivity than front-

illuminated one. However, nearly parallel front and back surfaces of the CCD chip causes 

the etalon effect, especially when it is used in NIR frequency region. It creates fringe 

artifacts in the signal spectrum as one can see in Figure 3.11a. This signal distortion can 

be completely removed by the normalization process of Eq. (8) as one can see in Figure 

3.11b. Since both the etalon and filter transmission effects are identical for S0 and Sπ, the 

normalized CARS signal with the reference signal is free from such artifacts. This is an 

important issue in multiplex CARS experiments with weak signal samples since small 

signals can be easily buried in such artifacts. 

 

 

Figure 3.11: Signal retrieval new procedure of FTSI-CARS (a) Measured CARS signals 
from cyclohexane by the CARS (Sπ) and reference (S0) laser pulses. (b) 
Normalized CARS signal (Sπ/S0). (c) FT of the normalized signal (top), time 
profile after applying apodization function (middle) and the apodization 
function (w(t)) (bottom). (d) Imaginary part (bottom), amplitude (middle) 
and a sum of the imaginary part and amplitude (top) of the inverse FT of the 
middle trace in (c). The traces in panels (a), (c) and (d) are vertically 
displaced for clarity. The CCD exposure time is 2 ms. 

In our previous work, )(ωRP  was retrieved by Fourier transform (FT) of 

)](Re[ ωRP  utilizing the causality principle of vibrational excitation1,5 
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[ ][ ] )()](Re[)( ωωθ RR
-1 PPFTtFT =      (15) 

 

In this work, we use an apodization function (w(t)) instead of Heaviside step function 

(θ(t)), i.e.10 

[ ][ ] )()](Re[)( ωω RR
1- PPFTtwFT =      (16) 

 

and w(t) is defined by 

 

τ

τ
τ
π

>=

≤≤⎟
⎠
⎞

⎜
⎝
⎛=

<=

t

tt

ttw

 when ,1

0 when ,
2

sin

0 when ,0)(

        (17) 

 

where τ is an appropriate time constant. The bottom trace in Figure 3.11c shows the 

shape of w(t). The top trace of Figure 3.11c is FT of normalized signal ( )(/)( 0 ωωπ SS ). 

The time trace after applying w(t) is shown in the middle plot of Figure 3.11c. τ = 1.77 ps 

is used for all FTSI-CARS spectra in this report. The apodization function (w(t)) not only 

cuts out time trace before t = 0, but also rounds off the trace close to t = 0. We choose 

w(t) in the form of Eq. 17 for its simplicity. Figure 3.11d shows the imaginary part, 

amplitude, and sum of the imaginary part and amplitude of the inverse FT of the time 

profile shown in the middle plot of Figure 3.11d. All the spectra in later discussion are 

||]Im[ RR PP + , which shows Raman-like spectral shape.1  

 Liu et al. pointed out that the change of the spectral shape of non-resonant 

background cannot be compensated by simple normalization and it can adversely impact 

the spectral feature of retrieved CARS vibrational spectrum.24 The change of non-

resonant background can occur due to fluctuation of the laser spectral shape during the 
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image acquisition, the change of optical alignment or different electronic resonance of 

local samples. Figure 3.12 shows how such different spectral shapes of non-resonant 

backgrounds in Sπ and S0 affect the extracted CARS spectrum. In the experiments of 

Figure 3.12, we intentionally change the spectral shape of the non-resonant background 

in the reference signals by applying a different amplitude mask to the reference laser 

pulse. Measured CARS and reference signals from cyclohexane by the original CARS 

and distorted reference pulses are shown in Figure 3.12a, respectively. Note that the 

resulting reference signal (S0,dist) has a very different spectral shape from the one by the 

original reference pulse (S0 in Figure 3.11a). One can see a significant distortion of  

)(/)( ,0 ωωπ distSS  in Figure 3.12b. Figure 3.12c shows the time profiles obtained by FT 

and multiplication of θ(t) (top trace of Figure 3.12c) and the apodization function (w(t)) 

(bottom trace of Figure 3.12c), respectively. Retrieved CARS spectra are shown in Figure 

3.12d. The CARS spectrum with θ(t) exhibits a significant background feature. Although 

this background is smooth compared with the vibrational peaks, it can still be a 

significant problem especially for weak vibrational peaks. This background can be 

removed by introducing w(t). The bottom trace of Figure 3.12d shows the retrieved 

CARS spectrum with w(t). The background caused by the distorted reference signal is 

almost completely removed and the retrieved vibrational spectrum is essentially identical 

to the top trace of Figure 3.11d. The change of spectral shape of non-resonant 

background is much smoother than that of vibrational signatures in the measured CARS 

signals. This results in sharp features around t = 0 and applying a smooth apodization 

function (w(t)) can eliminate such background distortion. The choice of τ value is 

important for the quality of retrieved spectrum. If it is too small, the background is not 

removed completely. If it is too large, the intensity of the retrieved CARS signal 
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decreases. We use τ = 1.77 ps in this work. This value is close to the vibrational 

dephasing time of typical organic molecules at room temperature. 

 

 

Figure 3.12: (a) Measured CARS signals from cyclohexane by the CARS (Sπ, top) and  
distorted reference pulses (S0,dist, bottom) (b) Normalized CARS signal 
(Sπ/S0,dist) (c) FT of the normalized signal multiplied by the Heaviside step 
function (top) and the apodization function (bottom). (d) Retrieved CARS 
spectra with the Heaviside step function (top) and with the apodization 
function (bottom). The traces in panels (a), (c) and (d) are vertically 
displaced for clarity. The CCD exposure time is 2 ms. 

 

 

Figure 3.13: (a) FTSI-CARS spectra from aqueous Na2SO4 solution of 1 M, 125 mM, 
and 15.6 mM concentrations. CARS spectrum of water is also shown 
(bottom). The CCD exposure time is 2 s and a factor of 0.2 is multiplied to 
the spectrum of 1 M solution. Each trace is vertically displaced for clarity.  
(b) Concentration dependence of FTSI-CARS intensity of Na2SO4 aqueous 
solution. (c) FTSI-CARS spectrum of 31 mM aqueous Na2SO4 solution.  A 
shot noise level calculated from total photoelectron count is marked with 
arrows.  See text for detail. 
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3.4.3 Sensitivity of FTSI-CARS 

We test the sensitivity of our new FTSI-CARS technique with 972 cm-1 peak of 

sulfate ions in aqueous Na2SO4 solution. FTSI-CARS spectra are measured with various 

concentrations of Na2SO4 in solution. The acquisitionl time for each spectrum in Figure 

3.13 is 2 s. Figure 3.13a shows the FTSI-CARS spectra of 1 M, 125 mM, and 15.6 mM 

Na2SO4 solutions. Spectrum of water is also shown as a reference. Note that the spectrum 

of 1M solution is scaled by a factor of 0.2 for clarity. 970 cm-1 vibrational peak can be 

observed at a concentration down to 15.6 mM. In this concentration level, there are 1.2 × 

106 sulfate ions in the focal volume of the laser focus. We estimate the focal volume of 

our microscope is 1.3 × 10-16 L, which is calculated from diffraction-limited gaussian 

laser beam profile. This vibrational peak is buried under noise after further dilution. We 

also test the detection limit of nitrate ions at the vibrational peak of 1037 cm-1 and find 

similar sensitivity (data not shown). 

In the case of the homodyne limit (i.e. RNR PP << ), measured CARS signals 

(  PPS RNR
2)()()( ωωω +∝ ) are dominated by 2

RP . In this regime, one observes 

quadratic dependence of the CARS signal ( 2
RP )[2, 30] On the other hand, all the samples 

that we have observed with the current technique so far, falls in the heterodyne limit 

(i.e. RNR PP >> ). Here we essentially measure the cross term ( ]Re[ RNR PP ), which is 

linearly proportional to the sample concentration. The linear concentration dependence of 

the FTSI-CARS intensity is obvious in Figure 3.13b, which confirms the signal 

amplification by the non-resonant background in our FTSI-CARS technique. 

The main noise source in the measured CARS signal is the shot noise from non-

resonant background ( 2
NRP ). The standard deviation (σ) of the quantum fluctuation of 

non-resonant background (i.e. shot noise) becomes NRP  from the Poison distribution 
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(i.e. σ = NRP ). Our FTSI-CARS method retrieves the cross-term RNR PP  and the signal-

to-noise ratio (SNR) is estimated as 

 

R
NR

RNR P
P

PP
Noise
SignalSNR ===      (18) 

 

As such, our FTSI-CARS method is shot-noise-limited in theory. In the previous 

section, it is shown that the spectral noise from the etalon effect of CCD, imperfection of 

filter, laser drift, and sample fluctuation can be effectively removed by FTSI-CARS 

technique. Then, it is worth to verify how close its detection sensitivity is to the 

theoretical shot-noise-limit. We estimate the shot noise level (σ) by the following way. 

We first convert the experimental signal count in the measured signal spectrum to the 

number of photoelectrons (N) at every vibrational frequency. Then, we calculate the 

standard deviation of quantum fluctuation as N . This noise appears as fluctuation of 

background via NNN /1/ =  because our extracted CARS spectrum is ratio of the 

resonant signal over the dominant non-resonant signal (N). In Figure 3.13c, the FTSI-

CARS spectrum of 31 mM aqueous solution of Na2SO4 is shown with the calculated shot 

noise level (σ) of ± 4.5 × 10-5. At the frequency of 1250 cm-1, the number of measured 

photoelectrons of the raw data (N) is ~ 5 × 108 and we obtain the above shot noise value. 

The measured background noise is very close to the estimated shot-noise-level 

confirming that our FTSI-CARS method is almost shot-noise-limited. 

3.4.4 2D and 3D Chemical Imaging of Polymer Mixture  

Hyperspectral vibrational imaging is performed by moving both the laser beam 

and the sample stage. The beam and sample scanning is synchronized with CCD readout 

to ensure that the scanning laser spot position is correlated with the measured CCD 
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spectrum. In this way, our imaging speed is limited by the data transfer rate of the CCD, 

not by the rate of laser beam scanning. Currently, our CCD camera can measure full 

vertical binned spectra with an exposure time as short as 20 μs without a mechanical 

shutter. However, the data transfer speed of the CCD limits the image acquisition speed 

significantly. Maximum data transfer speed of our CCD is ~ 2 ms per spectrum for the 

full vertical binned spectrum. However, this speed can be made much faster via the crop 

mode operation. In this mode, the maximum CCD speed of 250 μs per spectrum can be 

achieved with 3 MHz CCD clock frequency. We set the CCD to read only 128 rows out 

of the original 512 rows to maximize CCD readout speed. With 200 μs exposure time per 

pixel, a 100 × 100 pixel image can be obtained in 3.4 s, which includes the CCD 

exposure, data transfer, and FTSI numerical process. This speed is 13 times faster than 

that in our previous work. 

Figures 3.14a and b show chemically selective images of a PS/PET mixture film. 

The entire vibrational spectra are obtained at every 100 × 100 pixel. The two CARS 

spectra at the positions A and B in Figures 3.14a and b are shown in Figure 3.14c. The 

images are constructed by integrating 980 to 1020 cm-1 for PS and 1590 to 1640 cm-1 for 

PET out of 10,000 vibrational spectra. One can clearly see that the circular PS domains 

are surrounded by PET matrix. The powers of the pump, Stokes, and probe pulses are 0.9, 

0.9, and 0.3 mW, respectively. CCD exposure time per pixel is 200 μs and the total 

imaging acquisition time is 3.4 s. The total CCD exposure time for 10,000 spectra is 2 s, 

but the data transfer and FTSI numerical process take additional 1.4 s. Note that the 

acquisition time for an image of 100 × 100 pixel was 43 s in our previous work.1 We 

increased the image acquisition rate more than 10 times with a help of the crop mode 

CCD operation. We find that this faster operation of CCD significantly increases 

electronic noise but it does not affect the sensitivity of retrieved CARS signal due to the 
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heterodyne signal amplification mechanism. For chemical imaging, we take non-resonant 

CARS spectrum once at an arbitrary position and use it as a reference for entire imaging. 

In previous section, we demonstrate that the laser fluctuation and/or sample changes 

create a slowly varying background feature at the retrieved spectrum. Any drift of the 

laser spectrum during the imaging process and/or different non-resonant CARS spectral 

shape at different sample positions adversely decrease the sensitivity of our method. This 

problem is virtually eliminated by applying the apodization function instead of the 

Heaviside step function. As a result, we can obtain the chemical image of a polymer 

sample in much shorter time than our previous demonstration. 

 

 

Figure 3.14: (a) and (b) Chemical imaging of PS and PET polymer mixture film.  
Images are constructed with peaks at (a) 1000cm-1 (PS) and (b) 1615 cm-1 
(PET), respectively. The images have 100 × 100 pixels with the pixel size of 
300 × 300 nm2. The total image acquisition time is 3.4 s. (c) Two 
representative CARS spectra at position A and B in panels (a) and (b). 
These spectra are two out of 10,000 such spectra obtained during the image 
acquisition. 
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With capability of a faster imaging speed, we can obtain a 3D volume image in a 

few minutes. Figure 3.15a shows a 3D volume image of the PS domains in the PS/PET 

film.  The imaged area is 10 × 10 × 10 μm3 and the entire vibrational spectra are taken at 

every 100 × 100 × 50 pixel (each pixel size is 100 × 100 × 200 nm3). Total 5 × 105 

spectra are obtained during the image acquisition time of 183 seconds and PS domains 

(the area where 1000 cm-1 peak intensity is above 25% of maximum intensity) are 

depicted with yellow contour surfaces. Figure 3.15b shows a sectioned image at z = 5 μm 

(the sectioned plane is shown with white lines in Figure 3.15a). 

 

 

 

Figure 3.15: (a) 3D volume image of PS and PET mixture film. PS domains are depicted 
with yellow contour surface. The image has 100 × 100 × 50 pixels with the 
pixel size of 100 × 100 × 200 nm3. The total image acquisition time is 183 s. 
(b) Horizontally sectioned image at z = 5 μm (white line in panel (a)). The 
image is constructed with the 1000cm-1 peak of PS. 

3.4.5 Chemical Imaging of Oil Mixture 

We also test the chemical selectivity of our method for identifying chemical 

species with similar vibrational spectra. Olive and fish oil droplets are chosen because 

they have very similar vibrational peak positions at the fingerprint region. The only 
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difference between these two oils is the relative peak ratios. Figure 3.16a shows FTSI-

CARS spectra of bulk fish and olive oil samples. Vibrational bands at 1260 cm-1 and 

1300 cm-1 are assigned as the CH2 twisting mode of a saturated CC chain and =C-H in-

plane deformation of an unsaturated cis-double bond, respectively. As the degree of 

unsaturation increases, the peak intensity at 1260 cm-1 increases while the one at 1300 

cm-1 decreases. Therefore, the intensity ratio between these two vibrational peaks is a 

good measure of the unsaturation level of fatty acids.25,26 According to the manufacture 

label of the olive oil used in this experiment, it contains 14, 14, and 72% of saturated, 

polyunsaturated, and monounsaturated fatty acid, respectively. The major component in 

olive oil is oleic acid, which is a monounsaturated omega-9 fatty acid with 18-carbon 

chain and one C=C double bond (18:1). For the fish oil, 50% of its content is a mixture of 

eicosapentanoic acid (20:5), docosahexanoic acid (22:6) and other polyunsaturated fatty 

acids according to the manufacture’s label. Low unsaturation level of olive oil shows 

13001260 / II  <1 where I1260 and I1300 are the peak intensities at 1260 cm-1 and 1300 cm-1, 

respectively. On the other hand, high unsaturation level of fish oil exhibits 13001260 / II >1 

as shown in Figure 3.16a. 

Figures 3.16b and c show images of a mixture of oil droplets at 1260 cm-1 and 

1300 cm-1 peaks, respectively. The images are constructed by integrating 1220 to 1282 

cm-1 for Fig.3.16b and 1282 to 1344 cm-1 for Figure 3.16c. The power of the pump, 

Stokes, and probe pulses are 4.8, 2.4, and 0.3 mW, respectively. The image acquisition 

speed is 3.4 s/frame. Droplets with a higher intensity in Figure 3.16b and c are fish and 

olive oils, respectively. Figure 3.16d shows the map of 13001260 / II . One can clearly 

identify each droplet by the peak intensity ratio. Fish oil droplets are marked with arrows 

in Figure 3.16d. 
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As demonstrated in this new work, our FTSI-CARS method can provide great 

chemical selectivity via analysis of multiple vibrational peaks. It can obtain hyperspectral 

images within a few seconds. The apodization function introduced in the signal retrieval 

process eliminated background other than shot noise. This technique can be an excellent 

chemical imaging tool for material and food samples. It will be especially useful in 

quantification of different fat contents in food products. 

 

 

Figure 3.16: (a) FTSI-CARS spectra of fish and olive oil. (b)-(d) CARS images of a 
mixture of olive and fish oil droplets.  Images are constructed with peaks at 
(b) 1260 cm-1 and (c) 1300 cm-1, respectively. The images have 100 × 100 
pixels and the pixel size is 300 nm × 300 nm2. The total image acquisition 
time is 3.4 s. (d) Intensity ratio ( 13001260 / II ) image of 1260 cm-1 and 1300 
cm-1 peaks. The only area with significant intensity at 1450 cm-1 is shown 
with color. Fish oil droplets are marked with arrows. Other droplets are 
olive oil. 

3.5 CONCLUSIONS 

In this chapter, we report a significant sensitivity improvement of the multiplex 

CARS technique by optimizing both the amplitude and phase shape of the laser pulse.  

Controlling the power distribution of the pump, Stokes and probe pulses to optimize the 

CARS signal generation enables us to measure the vibrational spectrum of liquid and 

polymer samples within 20~100 microseconds. The FTSI-CARS method extracts the full 

complex quantity of the complex CARS vibrational spectrum to achieve a spectral 
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resolution of 20 cm-1 with a spontaneous Raman-like spectral line shape. The technique 

involves a slightly involved data analysis process but has a simple and very stable 

experimental setup. It should be useful for probing a local chemical identity in 

inhomogeneous samples. 

We show that the spectral noises from the etalon effect of back-illuminated CCD 

and non-flat transmission spectrum of the laser-blocking filter can be removed in the 

signal normalization step. The background originated from laser drift and/or different 

spectral shape of non-resonant background can be eliminated by introducing the time 

apodization function instead of the Heaviside step function in the FTSI signal retrieval 

process. We experimentally verify that the sensitivity of our CARS technique is nearly 

shot-noise-limited. The detection sensitivity limit of aqueous sulfate ions is ~10 mM in 2 

seconds, which corresponds to 1.2 × 106 oscillators in the effective laser focal volume. 

The FTSI-CARS signal shows a linear dependence on the sample concentration 

confirming the signal amplification by non-resonant background. Accompanied by the 

crop mode operation of CCD, we can now obtain a hyperspectral vibrational image of 

100 × 100 pixel in 3 s and a 3D image of 100 × 100 × 50 pixel in 3 min. Chemically 

selective microscopy of heterogeneous samples such as mixtures of polymers and oil 

droplets is successfully demonstrated. This technique can be a powerful microscopy tool 

for probing a local chemical identity in highly inhomogeneous samples. 
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Chapter 4:  Three-Dimensional Imaging of Director Field Orientation 
in Liquid Crystals by Polarized Four-Wave Mixing Microscopy 

 

4.1 INTRODUCTION 

Liquid crystal (LC) is a class of material that possesses oriental order but lack 

position order with fluidity property.1 This unique property of LC materials and their 

large optical anisotropy enable their wide industrial applications such as display 

technologies.2 The long-range orientational order is one of the most important properties 

of liquid crystals (LCs) and depends on several factors. Important ones are types of LC 

molecules (nematic, smectic or cholesteric), elastic properties (bend, twist and splay 

moduli) and the surface anchoring condition (homeotropic or planar) at the surrounding 

boundary.1,3 Structures of LC often involve topological defects, which are due to the local 

disruption of the directional or positional order in LC.4,5 Average molecular orientations 

of LC materials are described by the director field ( )rnr . Since the order structure of LC 

is fundamentally three-dimensional (3D), it is very important to study the 3D distribution 

of the director field structures. The first is the fluorescence confocal polarizing 

microscopy (FCPM),6 which measures the polarized fluorescence emission from the dye 

molecules dispersed homogeneously in the LC. It is the confocal geometry detection that 

makes 3D imaging possible. Note that the fluorescence dye molecule must be aligned 

with the orientational direction of LC molecules. This technique also requires a 

homogeneous distribution of dye molecules inside LC. FCPM has been used to probe the 

LC director orientation of various defect textures such as focal conic domain, oily streaks 

and fingers in 3D imaging. However, the noninvasive three-dimensional (3D) imaging of 

director field is essential for fundamental studies and technological applications of LCs. 
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Various multiphoton optical microscopy methods have been applied to LC studies for this 

purpose.6-11 Third harmonic generation (THG) from LC molecules can provide 3D 

structural information but the interpretation of a THG image is not straightforward due to 

the interplay between the Gouy phase shift and the phase matching condition.9 Three-

photon fluorescence from LCs has also been used to study polymer-dispersed LCs.11 

Recently, coherent anti-Stokes Raman scattering (CARS) polarized microscopy has been 

applied to LC studies.7,8,10 This method can image the 3D director structures of LCs with 

great sensitivity and also provide the information of molecular structures since it 

measures a highly directional vibrational peak such as CN stretching. It requires, 

however, a specialized laser system (two synchronized picosecond lasers) and its 

application to LC study is still limited to a few research groups.7,8,10 The ideal 

microscopy technique for the study of LC molecules will be the one possessing non-

invasive, non-labeling, 3D imaging capability with strong signal sensitivity and high 

spatial resolution.  

Here we demonstrate 3D imaging of director field orientations in LC by non-

degenerate four-wave mixing (FWM) microscopy. It requires a single broadband 

Ti:Sapphire laser and directly visualizes 3D patterns of LC director fields with great 

sensitivity. Four-wave mixing is a third order nonlinear optical process that generates 

nonlinear optical signals at the frequency of 2ω1-ω2 when the sample is excited by two 

laser pulses at the frequencies of ω1 and ω2. We select both ω1 and ω2 laser pulses from a 

single ultrafast laser utilizing a pulse shaper to generate strong FWM signals from LC 

samples. In THG, the effect of the Guoy phase shift, which flips the optical phase of the 

laser pulses across the focal point of the laser pulse, cancels out THG signals in 

homogeneous samples. This effect is greatly reduced in FWM since the frequencies of  

laser pulses (ω1 and ω2) and signals (~700 nm) are closer to each other and the phase 
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mismatch is significantly canceled out.12 Thus FWM generates much stronger signals 

than THG and it can be applied to optical microscopy without any symmetry restriction 

of the samples. In addition, thermotropic LC materials typically have large nonlinear 

responses due to their highly ordered molecular orientations and existence of conjugated 

backbone moieties such as biphenyl groups. Here we report that the FWM signals from 

LCs are highly polarized along the orientational direction of the LC chains and it 

provides a great contrast mechanism for 3D imaging of LC structures. 

Moreover, the orientational order structure of LC is primarily determined by the 

properties of LC and boundary conditions of the confinement. By controlling the surface 

property and the geometry (size and shape) of the boundary condition, one can create a 

variety of LC director configurations, which often accompany different topological defect 

textures. One can fabricate complicated 3D structures to confine LC with lithographic 

techniques such as photo- or e-beam lithography13. However, it is typically costly and 

requires expertise to do 3D fabrication. By multiphoton absorption polymerization, we 

could fabricate 3D structure for the LC confinement. Multiphoton absorption 

polymerization of acrylic resins with a two-photon radical photo-initiator perfectly 

satisfies our purpose. Due to the nonlinearity of the two-photon absorption and also the 

polymerization process, it is possible to fabricate an arbitrary 3D structure with a 

submicron spatial resolution. The monomer resin solution is scanned in 3D to expose the 

desired region to photo-polymerize by the use of tightly focusing laser beam with a high 

NA objective. After washing out the un-reacted monomers, the resulting polyacrylate 

with designed 3D structure which is transparent in most visible and NIR range can be 

used to confine the LC. Then the confinement of director field in 3D mapping can be 

probed by FWM microscopy.    
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4.2 EXPERIMENTAL SECTION  

We select two laser pulses at 755 nm (ω1, bandwidth ~ 20 nm) and 815 nm (ω2, 

bandwidth ~ 40 nm) by amplitude pulse shaping of a single cavity-dumping oscillator 

laser pulse (~10 fs, 2MHz, Cascade, KM labs) with an all reflective 4f pulse shaper based 

on a liquid crystal spatial light modulator (SLM-640, CRI) (Figure 4.1a). The spectra of 

the laser pulses and the FWM signals from LCs are shown in Figure 4.1b. Detailed 

description of our pulse shaper can be found in our earlier publication.14 The wavelengths 

of laser shorter than 740 nm are blocked by a razor blade placed at the Fourier plane of 

the pulse shaper. Note that the two laser pulses (ω1 and ω2) are not spatially separated 

and follow the identical optical path. The shaped laser pulses are focused into the sample 

and the generated FWM signals are collected with 1.2 N.A. and 1.0 N.A. objective lenses 

(Olympus), respectively. The collected signals are then filtered by a short wave pass filter 

(710 AESP, Omega Optical) and detected with a PMT (H5784-20, Hamamatsu). The 

laser beam is raster-scanned in the horizontal sample plane by a piezo-driven scanning 

mirror (SM in Figure 4.1a, P-542.2SL, PI) to acquire depth-resolved images. The vertical 

position of the sample is controlled by a translational sample stage with a motorized 

actuator (Z606, Thorlabs). The polarization of the laser pulse is controlled by a 

combination of a quarter-wave plate (ACWP, CVI) and a polarizer (Versalight polarizer, 

Meadowlark). We first convert the linearly polarized laser beam into a circularly 

polarized one and select the direction of linear polarization with the polarizer. The 

polarizer is mounted on a flipper mount such that circularly polarized laser can be also 

used to image the same area of the sample. The spectral phase (chirp) of the laser pulse at 

the sample position of the microscope is characterized by the homodyne SPIDER 

(spectral phase interferometry for direct electric field reconstruction) technique which we 

have developed recently.15 
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Figure 4.1:  (a) Experimental setup: SM, piezo beam-scanning mirror; QWP, quarter-
wave plate; P, polarizer; OBJ, microscope objective; S, sample; F, short-
wave pass filter; PMT, photomultiplier tube (b) Spectra of the shaped laser 
pulse and the FWM signal from 5CB. Note that intensities of the laser and 
the FWM signal are in different scales. 

A typical acrylic resin has two constituents, the trifunctional Sartomer SR368 and 

the pentafunctional Sartomer SR 399, in a 1:1 weight ratio. Lucirin TPO-L, which has 

strong two-photon absorption at 800 nm, was used as the photoinitiator at a concentration 

of about 3 wt %.16 Fabrication is performed with our fundamental Ti:sapphire oscillator 

cavity dumping out at the repetition rate of 2 MHz. Again, the broadband phase is 

compenstated by the SPIDER technique mentioned earlier to enhance the performance of 

two-photon absorption of photoinitiator. Typical fabrication power and velocity are 0.8 

mW measured before the focusing objective and 50 μm/s controlled by an XY piezo-

stage (P-542.2SL, PI). Fabrication is performed on a glass substrate that has been 

modified with (3-methacryloxypropyl) trimethoxysilane to promote adhesion of the 

polymer. After polymerization, the structures are washed in N,N-dimethylformamide and 

ethanol, resulting in the removal of un-reacted monomers.  
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Figure 4.2:  Experimental FWM signal intensity vs. the angle θ  between the directions 
of the laser polarization and the chain orientation of an aligned 5CB film 
(molecular structure shown in the inset). The solid curve is the fit of cos6θ  
to the experimental data. Note that the polarization contrast is better than 10.   

 

4.3 RESULTS 

4.3.1 Polarization Four-Wave Mixing Signals 

Figure 4.2 shows the polarization angle dependence of the FWM signals from an 

aligned nematic LC film (5CB, pentylcyanobiphenyl, Aldrich). A small amount of 5CB is 

sandwiched between two glass coverslips coated with a rubbed poly(vinyl alcohol) film 

to set a unidirectional LC alignment. A 50 μm thick mylar film is used as a spacer. The 

polarization of the laser pulse is changed by rotating the polarizer angle while adjusting 

the amplitude mask of SLM to keep the identical laser power at each polarization angle. 

The FWM signal intensity is highest when the polarization direction of the laser pulses is 

parallel to the molecular orientation of LC. One can clearly see the theoretically predicted 

cos6θ dependence of FWM signals where θ is the angle between the directions of the 
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laser polarization and the orientation of aligned 5CB molecules. The contrast from the 

polarization dependence of the FWM signals of LCs is better than 10 as shown in Figure 

4.2. 
 

 

Figure 4.3: (a) 3D pattern of director fields, ( )rnr  of a FCD in a Smectic A liquid 
crystal. (Inset: the molecular structure of 8CB) (b)-(d) Horizontally 
sectioned FWM images of FCDs in an 8CB film. The laser polarization 
direction is along Y and X axis in (b) and (c), respectively. Circularly 
polarized laser pulses are used in (d). (e) Vertical cross-section along the 
black line in (c). White arrows represent the laser polarization directions in 
(b)-(e). All the image sizes are 20 × 20 μm. 



 67

4.3.2 Three-Dimensional FWM Imaging of LC Orientations 

To demonstrate the 3D orientational imaging capability of our FWM microscopy, 

we choose the so-called focal conic domains (FCD) formed in a smectic A phase of 8CB 

(octylcyanobiphenyl, Aldrich). FCD is a class of topological defects where parallel 

lamellar layers of LC molecules fold around a pair of confocal hyperbola and ellipse 

defect lines located in the two mutually perpendicular planes.6,7,8 The schematic director 

field structure of FCD is shown in Figure 4.3a. The lamellar layers of LC molecules are 

normal to the director field shown in Figure 4.3a.6  

Figures 4.3b-e show the experimental FWM images of FCDs formed in an 8CB 

film at the room temperature. A small drop of 8CB is sandwiched between two clean 

glass coverslips with a 50 μm thick mylar film as a spacer. The FWM images are 

acquired by raster-scanning of the laser beam at the speed of 20000 pixels/sec (pixel 

dwell time is 50 μs/pixel). It takes 2 sec to obtain a 200 × 200 pixels image with our 

current setup. The powers of the laser pulses at ω1 and ω2 are 0.4 and 0.2 mW, 

respectively. When one pulse is delayed ~100 fs by applying a linear spectral phase (i.e. 

time delay) in the SLM, FWM signals virtually disappear to confirm that the image 

contrast is not due to multiphoton fluorescence. When a different laser-blocking filter 

(BG28) is used to transmit UV signals, we do observe three-photon fluorescence signals 

around at UV as Higgins and co-workers reported previously.11 However, the short wave 

pass filter used in our setup completely blocks UV fluorescence signals and the image 

contrast in Figure 4.3 is solely from FWM process. 

Figures 4.3b-c are in-plane XY sections of FCDs with three different laser 

polarizations. With linearly polarized laser pulses, the strongest FWM signal is generated 

at the part of the sample where the local director fields are parallel to the laser 

polarization direction. When circularly polarized laser pulses are used, FWM probes the 
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projection of the director fields onto the XY plane (Figure 4.3d). Thus the circular 

polarization image can be used to map out the vertical components of the director field 

distribution in a negative fashion. In Figure 4.3d, the low signal region is where the LC 

director fields are oriented along the Z axis and the high signal area is where the director 

fields are parallel to the XY plane. One can see the elliptical defect lines of FCDs in 

Figure 4.3d. Figures 4.3b-d clearly show that one can map out the orientation of the local 

director fields at a horizontally sectioned plane of the LC sample. Figure 4.3e is the 

vertically sectioned FWM image along the black cut line in Figure 4.3c. The laser 

polarization direction is parallel to the X axis. The hyperbola defect line is clearly visible 

in Figure 4.3e demonstrating depth-resolving capability of FWM microscopy. 

4.3.3 Surface Anchoring and Geometric Confinement on LC Structure  

Figure 4.4 shows how the surface properties affect the formation of FCDs. We 

used TEM grid as a mask, to deposit gold pattern onto the glass coverslip as shown in 

Figure 4.4a. One drop of 8CB was put onto the treated coverslip at a temperature of 80 
0C. Following the slow cooling process, the FCDs form the smectic-A phase on the 

restricted area. As shown in the Figure 4.4b, all the FCDs form at the stripes of glass 

surface avoiding the gold coated square area. The large FCDs can be seen in the cross 

section of the uncoated stripes due to the loose boundary condition while the smaller 

FCDs form between the cross section. We also confine 8CB in μm-sized polymer 

rectangular channels as shown in Figure 4.5. Figure 4.5b shows the corresponding 

director field of LC molecules inside the box. Figure 4.5c and d show the different 

polarized FWM images. Obviously, the growth of FCD is along the boundary surface. 

The main quadrant FCD with radius of 50 μm is formed along the box corner due to 

confinement effect.       
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Figure 4.4: (a) Schematic representation for the glass substrate modified with gold 
pattern. Square part is deposited with gold while the stripes are bare glass 
surface (b) FWM imaging from 8CB LC molecules. The white arrow 
indicates the laser polarization. And the scale bar is 10 μm.  

 

 

Figure 4.5: (a) SEM image of various sized rectangular channels synthesized by 
multiphoton absorption polymerization (b) the corresponding director field 
scheme of 8CB LC molecules confined inside a channel in (c) and (d). (c) 
and (d) are FWM imaging from 8CB LC molecules in 50 x 50 μm box. The 
white arrow indicates the laser polarization. 
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4.4 DISCUSSIONS  

It is well known that a high power laser pulse can re-align the orientation of LC 

molecules.7 This optical Fredericks effect is observed in much higher power levels (> 100 

mW) in the previous reports.7,10 In the current work, we use the total laser power of ~ 0.6 

mW and the laser-induced realignment effect has not been observed. The excellent 

contrast of the images in Figure 4.3 is due to the high signal level generated by very short 

laser pulses (~60 and ~40 fs for ω1 and ω2, respectively) and their strong polarization 

angle dependence. Note that the image contrast comes from the distributions of the LC 

molecular orientation, not those of the concentration gradients since the sample is a film 

with only a single LC species. With the total laser power of 1 mW, the FWM signal from 

8CB sample can easily saturate our PMT at a medium gain with 50 μs exposure time. The 

current limitation of the imaging speed is due to the use of the piezo beam-steering mirror 

and it is straightforward to upgrade the setup with a faster galvo scanner. 

Most of the detected FWM signals originate from the nonlinear electronic 

response of LCs. Since this electronic nonlinear response is highly anisotropic due to the 

strong orientational order of LC molecules, we can obtain high contrast FWM images. 

However, there is some contribution from nonlinear vibrational response of the LCs, i.e. 

coherent anti-Stokes Raman scattering (CARS).14 The two laser pulses (ω1 and ω2) can 

create coherent vibrational motions of LC molecules and ω1 pulse can scatter the 

vibrations non-elastically to generate vibrational CARS signals at the same frequency 

range of our FWM signals. We verified the amount of vibrational contribution by 

applying a narrow π-shifted phase mask at the center of the ω1 pulse. If the signal 

spectrum is measured with a spectrometer, the experiment becomes the interferometric 

multiplex CARS spectroscopy that we have developed recently.14 We estimate that the 
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vibrational contribution is less than 1 % of the total detected signals from the interference 

modulation depth of the measured multiplex CARS spectrum.14  

In fact, the electronic FWM signal is equivalent to the so-called non-resonant 

background in CARS experiments.17 Upon the excitation by short fs laser pulses, the non-

resonant CARS signals can be many orders of magnitude larger than the vibrational 

CARS signal.14,17 What we demonstrate here is that the non-resonant background can be 

used for orientational imaging of LCs. We have demonstrated a spectral interferometric 

CARS method previously, which can extract the vibrational spectrum of sample against 

the non-resonant background.14 It is easy to implement both FWM and multiplex CARS 

micro-spectroscopy in a single experimental setup and we expect that the combination of 

these two imaging modalities can be a powerful tool for studies of complex LC systems. 

 

4.5 CONCLUSIONS 

In this work, we use a pulse shaper to select two laser pulses (ω1 and ω2 pulses) 

and compress them at the sample position of the microscope. However, one can also 

perform 3D imaging of LCs without a pulse shaper if the bandwidth of the laser is broad 

enough to generate FWM signals at the frequency range where one can detect after 

blocking the laser pulse. In this case, there is a significant region of the laser frequencies 

that does not contribute detectable signals and the pulse compression by prism or grating 

pairs is not as perfect as in our experiment. However, the signal level we observe in this 

work suggests that it will be likely to achieve high contrast by this simple experimental 

setup.  

In summary, we demonstrate that non-degenerate electronic FWM process can be 

used for non-invasive label-free 3D imaging of liquid crystals. It produces a high quality 
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image within a couple of seconds and an upgrade to a faster acquisition speed is 

straightforward. Combination of linear and circular laser polarization allows one to study 

the 3D orientational structures of LC director field in detail. The strong signal level can 

afford a faster imaging speed and it might be able to study dynamic phenomena of LC 

materials. Also by multiphoton absorption polymerization technique, the 3D structures 

can be fabricated and used to confine the director orientation of LC. The four-wave 

mixing microscopy can probe the LC behaviors in complex environment without any 

labeling.  
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Chapter 5:  Chemical Imaging and Microspectroscopy with Spectral 
Focusing CARS  

 

5.1 INTRODUCTION 

Most CARS imaging applications employ narrowband (bandwidth of 3 ~ 10 cm-1) 

lasers to maximize spectral resolution and minimize the non-resonant backgrounds and 

nonlinear photodamage.1 This narrowband CARS method has proven to be an excellent 

lipid imaging tool thanks to the strong CARS signals of lipids at 2840 cm-1.2 However, its 

chemical selectivity is limited. Although a strong signal level at 2840 cm-1 is a good 

indicator of lipids, other chemical species such as keratin and collagen also generate 

significant signals at this frequency.2,3 On the other hand, CARS microscopes can be 

configured to obtain a vibrational “spectrum”.4-6 This CARS micro-spectroscopy can 

provide rich chemical information such as chemical compositions and thermodynamic 

states of microscopic samples by analyzing their vibrational spectra.4-6 While the 

narrowband CARS method can perform a rapid beam-scanning microscopy at a single 

vibrational frequency, spectroscopy with this method is significantly slow.7 To obtain a 

CARS spectrum in the narrowband CARS technique, one needs to record CARS signals 

while scanning the frequency of one laser. Although relatively fast tuning of laser 

frequency is currently available,8 it still takes a minute to obtain a CARS spectrum.9 One 

also needs to monitor the laser power and pulse synchronization carefully, which can 

pose a significant problem in dynamic samples.  

Switching of vibrational excitation frequency is much faster and easier in the so-

called “spectral focusing” CARS method.4,5,10-14 In this technique, chirped broadband 

laser pulses are used to generate CARS signals. High spectral resolution is achieved when 
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appropriate group velocity dispersion (GVD) is applied to the laser pulses and switching 

of vibrational excitation frequency is done by time delay between the pump and Stokes 

pulses, see Figure 5.1.5, 10, 13 Its application to cellular imaging and micro-spectroscopy 

have already been demonstrated.4, 12-14 

 

 

Figure 5.1: Time-wavelength plots showing the pump and Stokes as ellipses. Two 
identical broadband pulses with the same amount of GVD generate the 
different instantaneous frequencies (Ω and Ω’) at the different time delays. 

Non-resonant background has been a major issue in CARS microscopy and 

micro-spectroscopy. One method to eliminate the effect of this problematic background is 

frequency modulation (FM). If one can measure the difference between CARS signals at 

two vibrational excitation frequencies, the contribution of the non-resonant background 

in the measured signals can be removed, since it is insensitive to the vibrational 

excitation frequency. This FM-CARS technique has been demonstrate with narrow-band 

picosecond lasers by combination of fast frequency modulation of one laser and lock-in 

signal detection.15 In beam-scanning microscopy, sophisticated laser systems were 

required to perform the necessary fast frequency modulation, for example, the one with a 

novel optical parametric oscillator that can switch the output frequency at tens of 
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megahertz. Since for spectral focusing CARS, the vibrational excitation frequency can be 

modulated by the time delay instead of changing laser cavity or the temperature of crystal 

inside cavity, the FM technique can be adopted in a relatively simple and low-cost setup. 

FM-CARS can be implemented by switching optical paths, not the actual frequency of 

laser pulses. A FM spectra focusing CARS method with passive polarization optics has 

been demonstrated very recently.11,14  

We introduce a new active version of the FM spectral focusing CARS microscopy 

and micro-spectroscopy that works in the vibrational fingerprint region (800 ~ 1700 cm-1) 

with spectral resolutions of 20 cm-1.4 This technique eliminates the non-resonant 

background to generate Raman-like CARS signals and can perform not only background-

free CARS imaging but also micro-spectroscopy in real time. We demonstrate its utility 

with various samples including edible oils, lipid membranes, skin tissues and plant cell 

walls. The spectral focusing concept can be applied to the CH (carbon-hydrogen) 

stretching region (2850 ~ 3050 cm-1) which has strong signal level at 2840 cm-1 for lipids. 

Spectral focusing CARS with high spectral resolution of 30 cm-1 is achieved in this 

regime.16 Finally, the advantage of our approach is a combination of the single-frequency 

CARS imaging at CH region and in situ microspectroscopy at fingerprint region having 

profound spectral information to identify the species.  

 

5.2 SPECTRAL FOCUSING MECHANISM 

In most excitation spectroscopy, the spectral resolution is limited by the 

bandwidth of excitation light source. Since the natural linewidth of typical Raman peaks 

ranges from 5 to 20 cm-1 in the fingerprint region, CARS measurements with 

femtosecond lasers would have poor spectral resolution.17 For example, 100 fs transform-
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limited (TL) Gaussian pulses at 800 nm have a bandwidth of ~120 cm-1, which is too 

broad to resolve vibrational peaks. This limit can be circumvented when the two 

identically chirped broadband pulses are used in coherent Raman processes.18 The first 

step in a third-order stimulated Raman process is to excite coherent molecular vibrations 

by a beating frequency between two pulses (the pump and Stokes pulses), of which 

frequency difference matches that of the molecular vibration (i.e. the beating frequency 

matches that of molecular vibration).18-20 The excited coherent vibrations are then 

scattered off by a third pulse (the probe pulse) to generate CARS signals at the anti-

Stokes frequency region. In a typical setup, the pump pulse is also used as the probe. 

 

 

Figure 5.2:  Spectral Focusing Mechanism. (a) & (b) Temporal profiles of pump 
( )(tEP ), Stokes ( )(tES ) and excitation (A(t)) fields with the time delay of 
zero (a) and tΔ  (b), respectively. Note the different modulation periods of 
A(t) in (a) and (b). (c) Temporal profiles of laser pulses and A(t) with a 
shorter pulse duration at zero time delay. Note that the modulation period of 
A(t) is the same as in (a). (d) FT of A(t) from (a)-(c). The spectral resolution 
is higher with a longer laser pulses. Also shown is the frequency shift of A(t) 
by time delay. Traces in (a)-(c) are vertically displaced for clarity. See the 
text for details. 
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Consider the case when broadband pump and Stokes pulses are stretched by 

identical group velocity dispersion (GVD, linear chirp). In time domain, GVD manifests 

as a linear sweep of the instantaneous laser frequency as shown in Figure 5.2a.18 Here is 

shown the case with a positive GVD, where red frequency components arrive earlier than 

the blue ones. Note that the carrier frequency of the actual laser pulse used here is much 

higher than the pulse duration. Here we model the pulses with lower frequencies for 

demonstrating purpose. Let’s consider the nonlinear vibrational excitation field, A(t), the 

beating component between the chirped pump and Stokes pulses. We also set that the 

Stokes pulse is time-delayed with respect to the pump pulse by tΔ . A(t) is then expressed 

by19,21 

 

*),()()( ttEtEtA SP Δ=  

 

where )(tEP and )(tES are the time profiles of the pump and Stokes electric fields, 

respectively. For linearly chirped pulses under the stationary phase 

approximation, )(tEP and )(tES can be described by22 
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where Pω and Sω are the carrier frequency of the pump and Stokes pulses, respectively. α 

is GVD, which is equivalent to the coefficient of the quadratic phase modulation in the 

frequency domain. Note that the time envelopes, 0),( αtEP and 0),( αtES depend on α. The 
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larger α (i.e. higher GVD) is, the longer 0),( αtEP and 0),( αtES become. It is 

straightforward to show that 
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where αωω /tSP Δ−−≡Ω . Note that Ω, the frequency of the excitation field (A(t)) 

depends on the time delay ( tΔ ). One can see this phenomenon in the modulation periods 

of A(t)’s in Figure 5.2a and b. It is the one of the key advantages of spectral focusing 

mechanism; instead of changing the laser frequency, one can switch the vibrational 

excitation frequency by time delay. 4,5,10-14 The last term (i.e. ( )[ ]tti S ΔΔ+− 2/exp αω ) 

does not have any effect on measured CARS signals since it adds the equal phase term to 

both resonant CARS signals and non-resonant backgrounds. The generation of excitation 

field (A(t)) also shows how the duration of laser pulses affect the spectral resolution of 

the CARS signal. The bandwidth of A(t) is determined by its time duration; the longer 

A(t) is, the narrower its spectral bandwidth becomes. Figure 5.2c shows )(tEP , )(tES and 

A(t) from shorter pulses. Since A(t) is shorter in this case, its Fourier transformation has a 

broader bandwidth as one can see in Figure 5.2d. Figure 5.2d also shows the effective 

frequency tuning of the excitation field by the time delay.  

Thus, one can perform high-resolution nonlinear Raman measurements with 

femtosecond pulses if the time durations of the pump and Stokes pulses exceed 

vibrational dephasing time (a few ps).5,10,12 Note that this condition depends on both the 

bandwidth of the laser pulses and the amounts of GVD. It also implies that the optimal 

laser configuration is where the pump and Stokes pulses have the same bandwidths. 

Remember that the identical GVD of the pump and Stokes pulses are the key requirement 
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of spectral focusing mechanism. If one pulse is significantly broader than the other pulse, 

it will be longer (with the same GVD) and some parts of that pulse will not be used for 

CARS excitation. 

 

 

Figure 5.3:  Comparison of CARS methods. (a) & (b) temporal profiles of pump 
( )(tEP ), Stokes ( )(tES ) and excitation (A(t)) fields in the narrow (a) and 
spectral focusing (b) CARS methods. (c) Laser spectra used in the 
simulations. The pulse energies are identical in both cases. (d) Simulated 
CARS spectra of the narrow (black) and spectral focusing (red) methods. 
Note the similar signal strengths in the center frequency region. Traces in (a) 
and (b) are vertically displaced for clarity. 

Next, we consider the efficiency of signal generation by the spectral focusing 

CARS in comparison to that of the narrow CARS. Figure 5.3a and b show the time 

profiles of )(tEP , )(tES and A(t) in the narrow and spectral focusing methods, 
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respectively. We apply an appropriate GVD the broadband pulses in Figure 5.3a such that 

the pulse time durations are identical in both cases. As one can see in Figures 5.3a and b, 

A(t)’s are identical in both methods as long as the pulse durations are the same.23 This can 

be understood easily by the following consideration. Since both methods have the same 

amplitudes of laser fields at any given time, its beating components should be of equal 

magnitudes. 

CARS signals are generated when the pump pulse scatters the vibrational 

excitation. We also simulate the CARS signals by each method. The CARS signals is 

calculated by19 

 

( ) ( ) ( ) ( ) ( )
2
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where ( )ωCARSS  is the intensity of CARS signal photons at the signal frequency of 

ω. ( )'ωχ R  is the third-order vibrational susceptibility of the sample at the vibrational 

frequency of ω’. The laser spectra of the pump and Stokes pulses used in this simulation 

are shown in Figure 5.3c. The bandwidths of the narrow and broad CARS pulses are 10 

cm-1 and 450 cm-1, respectively. We set the GVD of the broadband pulses to match the 

pulse durations in both simulations to be identical. Note that the pulse energies 

( ( ) ωω dE
2

∫ ) are also set to be identical. We assume an artificial sample possessing 5 

vibrational peaks with equal susceptibility. In the case of the narrow CARS method, we 

scan the frequency of the Stokes pulse to calculate CARS spectrum. In the spectral 

focusing method, we change the time delay by adding a group delay (i.e. linear spectral 

phase) to of the Stokes pulse. Figure 5.3d compares the result of the simulations. It is 

clear that both methods have the same signal generation efficiencies as long as the pulse 
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durations are identical. In the case of the spectral focusing CARS, one can see that CARS 

signals become weaker at the lower and higher vibrational frequency regions. This effect 

originates from the limited bandwidth of the laser pulses used in this simulation. Since 

there are fewer pairs of the pump and Stokes pulses to excite vibrations in the higher and 

lower frequency region, the signals decrease.19,21, However, this limitation can be 

overcome with laser pulses with a broader bandwidth.21 In this work, we use laser pulses 

with a bandwidth of 1800 cm-1 and CARS signals over 800 - 1700 cm-1 are obtained that 

covers most of the fingerprint region.4  

 

5.3 EXPERIMENTAL SECTION   

5.3.1 Materials  

The fatty acids used in this work are stearic (18:0), oleic (18:1), linolenic (18:3), 

eicosapentaenoic (EPA, 20:5) and docosahexaenoic (DHA, 22:6) acids. These oils are 

purchased from Sigma-Aldrich and used without further purification. A mixture of 

polymer beads is prepared by dispersing polystyrene and polymelamine beads (1 μm 

nominal diameters, Polysciences) on top of a glass coverslip. 3T3-L1 adipocyte cells are 

cultured in the Dullbecco’s modified Eagle’s medium (DMEM) supplemented with 10% 

bovine calf serum. HeLa cells are treated by the following procedure. A phosphate 

buffered saline (PBS) solution with 5 mM linolenic acid and 1 mM bovine serum 

albumin (BSA) is prepared. This solution is added to the HeLa cell culture to reach the 

final concentration of linolenic acid at 400 μM in the medium. The cells are used for 

CARS experiments after one-day incubation. For skin imaging, an ear from white, wild-

type mouse is used immediately after sacrificing. The skin tissue is placed between two 

coverslips. DPPC (1,2-dipalmitoyl-sn-glycero-3-phosphocholine, Avanti Polar Lipids) is 
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used to prepare lipid membrane samples. DPPC solution in a mixture of chloroform and 

methanol (9:1 v/v) is evaporated under vacuum for 6 hrs to form a bulk film. The film is 

pre-hydrated under nitrogen gas saturated in water vapor for 15 mins. Addition of a 

HEPES buffer (10 mM, pH 7.0) to this lipid film at temperature of 50 °C forms 

membranes of a few lipid bi-layers. All CARS experiments are done at 22 °C. Oil 

droplets are prepared in the following way. 0.05 g of each oil is mixed with 0.05 g of 

triton X-100 (Sigma-Aldrich) and stirred for 5 min. 6 mL of water is added to the mixture 

and stirred further for 2 hours. Separately prepared olive and fish oil droplets are mixed 

and a small drop is sandwiched between two microscope coverslips. 

 

 

Figure 5.4:  Experimental setup for FM-CARS microscopy. BS, 50:50 beamsplitter; PC, 
Pockels cell; PBS, polarizing beam splitter; G, SF57 glass; SM, galvo 
scanning mirror; L1, scan lens; L2, tube lens; OL, microscope objective 
lens; S, sample; F1, long wavelength pass filter; F2, short wave length pass 
filters; Lock-in, lock-in amplifier. Inset shows the laser spectrum. 
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5.3.2 Frequency-Modulation CARS Microscopy  

For CARS experiments at the fingerprint region (800 ~ 1700 cm-1), we use 

broadband pulses from a single cavity-dumping Ti:Sapphire oscillator (Cascade, KM 

Lasers). Figure 5.4 shows our FM-CARS microscopy setup and the spectrum of our laser. 

The output power of this laser is 40 nJ and the pulse repetition rate is 2 MHz. The laser 

beam is split by a 50:50 beam splitter (CVI) and each arm serves as the pump and Stokes 

pulses. In the pump arm, a Pockels cell (ConOptics, Model 350-50C) is used to switch 

the polarization direction of incoming pulses. Depending on the on-off state of the 

Pockels cell, the pump pulses travel along one of the two different paths (pump-1 and 

pump-2 depicted in Figure 5.4) separated by a polarizing beam-splitter. The returning 

pump pulses pass the Pockels cell again to recover their original polarization states. We 

modulate the Pockels cell with a 100 kHz square driving voltage waveform, which is 

synchronized to the laser pulse train. In the Stokes arm, a 2.6 cm long SF57 glass rod 

(Casix) is inserted to match the amount of GVD in the pump and Stokes pulses. The 

mirror in the Stokes arm is positioned on a computer-controlled translation stage (M.405-

CG, PI), which can move at a maximum speed of 1 mm/s. The pump and Stokes pulses 

are recombined by the beam splitter and travel collinearly afterward. A sharp-edge long 

wave pass filter (740AELP, Omega Optical) removes laser frequency components shorter 

than 740 nm. The laser pulses are focused into a sample by a 1.2 N.A. water immersion 

objective lens (Olympus) and CARS signals are collected by a 0.65 N.A. air objective 

lens (Olympus). The laser pulses are removed by two sharp-edge short wave pass filters 

(710 ASP, Omega Optical) and CARS signals are measured with a PMT (Hamamatsu, 

H9656-20). The electrical output of the PMT is fed into a lock-in amplifier (SR830, SRS) 

referenced to the driving voltage waveform of the Pockels cell.  
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Figure 5.5:  FM-CARS Spectroscopy. (a) Measured CARS spectra of cyclohexane by 
the pump-1 (black) and pump-2 (grey) over time delay. The other pump 
beam is blocked for these measurements. (b) FM-CARS signal measured 
with both the pump-1 and pump-2 pulses. See the text for details. 

Figure 5.5a shows the CARS spectra of bulk cyclohexane obtained with only one 

pump beam (pump-1 or pump-2). As one can see in Figure 2a, the CARS peaks from this 

sample are in the heterodyne limit. Under this condition, the measured CARS signal is24 

 

( ) ( ) ( ) ( ) ( ) ( )[ ]ωωωωωω RNRNRNRR PPPPPS Re222 +≈+∝  

 

where ( )ωS  is the measured signal at the frequency of ω. ( )ωRP and ( )ωNRP  are the 

transient polarizations for the resonant CARS signals and non-resonant backgrounds at ω, 

respectively. Under this condition, the measured signal ( ( )ωS ) is the CARS signal 

multiplied by the non-resonant background ( ( ) ( )[ ]ωω RNR PP Re2 ) on top of the flat non-

resonant background ( ( )2ωNRP ). We find that most fingerprint CARS peaks from non-

aromatic molecules fall in the heterodyne limit (i.e. ( ) ( )ωω NRR PP << ) with our 
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method.15,25 When both pump pulses are unblocked, the lock-in amplifier measures the 

difference between the two frequency-shifted CARS signals and its output looks close to 

the shape of spontaneous Raman scattering (Figure 5.5b). We adjust the mirror position 

of pump-2 (Figure 5.4a) to maximize spectral resolution without loss of signal intensity. 

Other than small dips at the wings of vibrational peaks, FM-CARS spectrum resembles 

that of spontaneous Raman scattering. We convert time delay into vibrational frequency 

with the known Raman peak positions of cyclohexane. The FWHM of 1028 cm-1 peak is 

20 cm-1.  

We perform CARS microscopy by raster scanning the laser focal spot with a 

galvo scanner (GVSM002, Thorlabs). The maximum speed of acquiring a 200 × 200 

pixel image is 1 frame/second (25 μs pixel dwell time). This speed is limited by the 

modulation speed of our Pockels cell (100 kHz) and the minimum time constant required 

for the lock-in amplifier to process signals (30 μs). Most of FM-CARS measurements in 

this work are performed with the pump and Stokes powers of 12.0 and 11.0 mW, 

respectively. These powers are measured before the focusing objective lens. 

5.3.3 Spectral Focusing CARS Microscopy at CH Stretching Region 

Figure 5.6a shows our CARS setup for the CH stretching frequency region (2800 

~ 3100 cm-1). The broadband laser pulses are split by a 50:50 beam splitter. One beam is 

used as the pump pulses for CARS signal generation. The other beam generates 

supercontinuum with a PCF (photonic crystal fiber, NL-1.4-775-945, Crystal Fibre). The 

PCF used here has two zero dispersion wavelengths at 745 and 945 nm and its 

supercontinuum output has distinct visible and IR components as shown in Figure 5.6b.12, 

26, 27 The IR part of the supercontinuum is used for the Stokes pulses. A voice coil 

scanner (V-106.11S, PI) controls the time delay of the pump pulses with respect to the 
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Stokes. The pump and Stokes pulses are combined by a dichroic mirror (930 ALP, 

Omega Optical) and pass through a 20 cm SF57 glass rod. Additional 10 cm SF57 glass 

rod is inserted in the Stokes arm to match GVD. The laser beam is filtered by a long 

wave pass filter (740 AELP, Omega Optical) and sent to the microscope. This setup 

shares the same laser and microscope with the fingerprint FM-CARS experiments and the 

microscopy mode can be switched by two flipper mirrors. 

 

 

Figure 5.6:  (a) Experimental setup for CARS experiments at CH stretching region. BS, 
50:50 beamsplitter; PCF, photonic crystal fiber; L, lens; G, SF57 glass; F1, 
long wavelength pass filter. (b) Spectrum of supercontinuum generated by 
the PCF. Note that the visible and IR parts of the spectrum are measured 
with different spectrometers and combined. The relative intensities are 
scaled according to the power measurements. 
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5.4 RESULTS  

5.4.1 Effect of GVD on Spectral Focusing CARS 

We first study the effect of the amount of GVD on both spectral resolution and 

intensity of CARS signals with phase-controlled pulses. Detailed explanation of our pulse 

shaper setup can be found in Chapter 2. By using pulse shaper enables us to study 

“experimentally” the aforementioned spectral focusing CARS signals according to given 

phase shaped SLM. The laser pulse is first compressed to be transform-limited at the 

focus of microscope sample position by the homodyne SPIDER method that we 

developed recently.28 Then, we select the pump and Stokes pulses from a single 

broadband pulse (Figure 5.7a) by applying a phase mask of Figure 5.7b. The laser 

frequency region from 740 to 800 nm is used as the pump pulse and remaining region as 

the Stokes one. By controlling the slope of the quadratic phase masks (Figure 5.7b), we 

can change the amount of GVD quantitatively. The CARS signal is measured by a PMT 

while scanning the time delay of the Stokes pulse by shifting the center frequency of its 

phase mask (Figure 5.7b). Note that this phase scan corresponds to the time delay of the 

Stokes pulse. The measured spectral focusing CARS spectra from toluene by pulses of 

0.7 - 4.5 ps durations are shown in Figure 5.7c. Shorter pulses generate stronger CARS 

signals. Their vibrational peaks, however, are broad and dispersive in shape due to the 

interference between the CARS signal and non-resonant background. Figure 5.7d shows 

the normalized CARS spectra of those in Figure 5.7c. One can clearly see that the 

spectral resolution dramatically improves as the pulse is stretched. However, it cannot 

exceed the natural linewidth of the molecular vibration. While the CARS signals from 3 

and 4.5 ps pulses show almost identical vibrational linewidths (Figure 5.7d), the signal 

strength with 4.5 ps pulses is only half of the one with 3 ps pulses (Figure 5.7c).  
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Figure 5.7:  Effect of GVD on Spectral Focusing CARS. (a) Laser spectrum. (b) Phase 
mask for spectral focusing CARS spectroscopy. The center frequency of the 
Stokes phase mask is shifted to delay the Stokes pulse. (c) Experimentally 
measured CARS signals of toluene with different pulse durations. (d) 
Normalized CARS signals of (c). 

5.4.2 FM-CARS Sensitivity and Selectivity at Fingerprint Region  

In our FM-CARS experiments, the effective pump and Stokes pulses that generate 

CARS signals at the fingerprint region are the high-energy part of the pump and low-

energy part of the Stokes pulses, respectively. Note that the spectra shape of our pump 

and Stokes pulses are identical. The pump pulse primarily serves as the probe because the 

have the same time delay as the vibrational excitation ( i.e., the time overlap between the 

effective pump and Stokes pulses). Accordingly, we expected a quadratic dependence of 

the pump power on CARS signals. Figure 5.8a shows power dependence of the pump 

power on CARS signals of cyclohexane at 1028 cm-1. It shows the expected quadratic 
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power dependence. Solid curve is quadratic least-squares fit. The Stokes power is set to 

be 11 mW in this measurement. The power dependence of the Stokes pulse is also shown 

in Figure 5.8b, in which slight superlinear behavior appears above the Stokes power of 4 

mW. Solid line is a linear fit with points below 4 mW power. The pump power of 12 mW 

is used. This can be understood by the spectral bandwidth and time ordering of our 

Stokes pulse. In our experiment, the Stokes pulse has spectra components that can act as 

the probe. The high-energy part of the Stokes, however, is significantly time delayed with 

respect to the vibrational excitation and its contribution to the measured CARS signal as 

the probe is significantly less than that of the pump pulse. Accordingly, linear power 

dependence is observed at low Stokes powers, but slight nonlinear dependence appears at 

high Stokes powers in Figure 5.8b. 

 

 

Figure 5.8:  Power dependence of (a) Pump and (b) Stokes pulses on CARS signals of 
cyclohexane at 1028 cm-1. (c) Concentration dependence of CARS signal 
from aqueous NaNO3 solutions (d) FM-CARS spectra of NaNO3 solutions 
at three different concentrations. Each trace is vertically displaced for 
clarity. 
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Our FM-CARS essentially measures the cross term between the vibrational CARS 

signal and non-resonant background ( ( ) ( )[ ]ωω RNR PP Re2 ). Thus, the signal should be 

linearly proportional to the sample concentration if the nonresonant background ( )ωNRP  

is invariant. Figure 5.8c shows such linear concentration dependence of CARS signals 

from aqueous NaNO3 solutions in different concentrations (1050 cm-1 peak of NO3
- ions 

is used). Figure 5.8d shows FM-CARS spectra of NaNO3 solutions at three different 

representative concentrations. Time constant of 1 ms is used in this measurement. From 

this measurement, we estimate the current detection limit to be ~ 10 mM of NO3
- ions 

with a 1-ms lock-in time constant. In Figure 5.8d, one can see smooth background 

centered around 1400 cm-1. This is because of the slight different magnitudes of non-

resonant background between the CARS signals generated by the pumps 1 and 2. The 

cross-correlation time duration of CARS signals with a glass coverslip (nonresonant 

sample) is 1.5 ps (FWHM). Meanwhile, the frequency shift between the two CARS 

signals in FM measurement is ~ 20 cm-1, which translate into ~ 50 fs time delay between 

the two pump pulses (pump1 and 2). Thus, the nonresonant background in the CARS 

signals by each pump pulses have ~ 3 % difference (i.e., 50 fs divided by 1.5 ps) in their 

magnitudes. This difference is not significant for samples with strong resonant CARS 

signals, such as aqueous NaNO3 solutions. This residual nonresonant background limits 

our detection sensitivity and vibrational selectivity.   

To demonstrate the selective capability of FM-CARS spectroscopy, Figure 5.9 

shows the FM-CARS (Figure 5.9a) and spontaneous Raman (Figure 5.9b) spectra of 

stearic (18:0), oleic (18:1) acids and DHA (22:6) in the fingerprint region. Raman spectra 

in Figure 5.9b are measured under the same microscope with a homemade confocal 

Raman microscope that consists of a 785 nm continuous wave laser and a spectrometer 

(Holospec f/1.8, Kaiser Optical System) coupled with a cooled CCD (iDus DU420A, 
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Andor). All the vibrational peak positions in Figures 5.9a and b are correlated within 10 

cm-1. Note that we can resolve closely positioned peaks such as triplet peaks of stearic 

acid around 1100 cm-1 and doublet of oleic acids in 1260 ~ 1300 cm-1. The relative peak 

intensity distributions in FM-CARS spectra are somewhat different from those in 

spontaneous Raman due to the effect of the spectral shape of our laser and interference 

between neighboring vibrational resonances. FM-CARS spectra, however, are consistent 

in different measurements and quantitative analysis is possible once we obtain the spectra 

of pure samples. 

 

 

Figure 5.9:  (a) FM-CARS spectra of stearic (SA, 18:0), oleic (OA, 18:1) acids and 
DHA (22:6). (b) Spontaneous Raman spectra of the same fatty acids. Each 
trace is vertically displaced for clarity. 

To show FM-CARS selectivity in microscopy, Figure 5.10 shows FM-CARS 

images of a mixture of polystyrene and polymelamine beads at 970, 990 and 1000 cm-1. 

Each image has 200 x 200 pixels and it takes one second to obtain an image. One can 

clearly see that our FM-CARS microscopy can distinguish two polymer species, of which 
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vibrational peak positions are separated by 30 cm-1 (polystyrene and poly melamine have 

vibrational resonances at 1000 and 970 cm-1, respectively). Fast modulation of vibrational 

excitation frequency eliminates most of non-resonant backgrounds as one can see in the 

image at 990 cm-1. 

 

 

Figure 5.10: FM-CARS images of polymer beads. The sample is a mixture of polystyrene 
and polymelamine beads, which have vibrational resonances at 1000 and 
970 cm-1, respectively. The images have 200 x 200 pixels and the pixels 
dwell time is 25 μs. The scale bar is 2 μm. 

5.4.3 Quantitative Chemical Identification of Fatty Acids  

Figure 5.11 shows examples of quantitative CARS spectral analysis. Here, we 

measure the FM-CARS spectra of a series of fatty acids that have different saturation 

levels. In the fingerprint region, there are several distinct features in Raman spectra of 

fatty acids (Figures 5.9a and b). Here we round the vibrational peak positions to the 

nearest tens.  

 1) The C-C stretching region (1000 – 1200 cm-1). This region contains peaks due 

to the gauche and trans conformations of the alkyl chains.29-31 Liquid fatty acids show 

weak featureless bands while solid oils have distinct triplet peaks. This feature is a great 

indicator of the thermodynamic phase of fatty acids and phospholipids.  
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 2) The intensity ratio of 1260 and 1300 cm-1 peaks. In literature, these peaks are 

assigned to in-plane olefinic hydrogen bending (1260 cm-1) and methylene twisting 

deformation (1300 cm-1).30,31 Thus, 1260 cm-1 peak increases with the number of C=C 

double bonds while 1300 cm-1 peak increases with the number of C-C single bonds.32 

Note that the relative intensity of 1260 cm-1 peak per a C=C double bond is significantly 

higher than that of 1300 cm-1 peak per a C-C single bond. Thus, the 1260 cm-1 peak 

intensity dominates over the 1300 cm-1 peak in highly unsaturated fatty acids such as 

EPA (20:5). Figure 5.11a shows the peak ratios of 1260 and 1300 cm-1 (I1260 / I1300) of 

oleic (18:1), linoleic (18:2) and linolenic (18:3) acids. We plot I1260 / I1300 over the ratio of 

the number of C=C double bonds over that of the number of carbon atoms in C-C bonds 

(referred to Ratio (C=C/CH2) in the horizontal axis of Figure 7). As one can see in Figure 

5.11a, we find a good correlation of this peak ratio (I1260 / I1300) and the saturation level of 

fatty acids. I1260 / I1300 is a good indicator of the relative number of C=C double bonds in 

fatty acids with one to three C=C double bonds per acyl chain.  

3) 1460 and 1640 cm-1 peaks. These peaks are assigned to methylene scissor 

deformation (1460 cm-1) and C=C double bond stretching (1640 cm-1), respectively. 1460 

cm-1 peak is present in the spectra of all fatty acids and its intensity is proportional to the 

number of carbon chain irrespective of the chain saturation level.7 The intensity ratio of 

1460 over 1640 cm-1 peaks serves as an indicator of carbon saturation level over broader 

ranges. Figure 5.11b shows the peak ratio of 1460 over 1640 cm-1 (I1460 / I1640) versus the 

C=C/CH2 ratio. It shows a good pseudo-linear relationship. 

These features provide rich chemical information for acyl chains of fatty acids 

and lipids. They serve as means of chemical selectivity in oil droplet and phospholipid 

membrane imaging in the next sections.  
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Figure 5.11: The intensity ratios, (a) I1260/I1300 and (b) I1640/I1450 versus the saturation 
level of fatty acids. The saturation level is calculated by the number of C=C 
bonds per CH2. Also shown are the conventional notations (X:Y) of fatty 
acids. The vertical error bars represent the standard deviations over 10 
independent measurements. 

5.4.4 Chemical Imaging of Oil Droplets 

Figure 5.12a and b show the FM-CARS images of mixtures of olive and fish oil 

droplets at 1260 and 1300 cm-1, respectively. The main difference between these two 

edible oils is the degree of saturation in their alkyl chains. Olive oil consists of primarily 

(72%) oleic acid (18:1) while fish oil contains a large amount (50%) of poly-unsaturated 

fatty acids such as DHA (22:6) and EPA (20:5). Note that both oils possess vibrational 

peaks at 1260 and 1300 cm-1. Although one can see larger signals from fish oil droplets 

than that of the olive ones at 1260 cm-1, it is qualitative at best and often leads to false 

chemical identification in images. For example, the droplet marked as B is a fish oil 

droplet positioned vertically off from the laser focus. Its apparent signal strength at 1260 

cm-1 is similar to that of the olive oil droplet with a similar size marked as C. However, 

when we compare the CARS images of Figure 8a (1260 cm-1) and b (1300 cm-1), it is 

clear that this droplet is fish oil. We can quantitatively identify these droplets by taking 

the ratio image shown in Figure 5.12c. It clearly distinguishes these two oils. We find that 

the intensity ratios of 1260 and 1300 cm-1 peaks (I1260/I1300) are ~2.5 and ~0.8 for fish and 
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olive oils, respectively. We can also switch our experiment to the micro-spectroscopy 

mode instantly. Figure 5.12d shows three FM-CARS spectra taken at the droplets marked 

as A, B and C. We position the laser focus at the point of interest and scan the Stokes 

delay stage to obtain these spectra. Each spectrum is taken in 0.5 s (2.5 ms per frequency 

point). Thus, one can not only acquire a chemical map of samples by ratio imaging but 

also perform micro-spectroscopy at a few positions of interest. Combination of ratio 

imaging and micro-spectroscopy will be a powerful tool in the study of cells and tissues. 

 

 

Figure 5.12: FM-CARS images at (a) 1260 cm-1 and (b) 1300 cm-1 of a mixture of fish 
and olive oil droplets. The images have 200×200 pixels and the pixel size is 
250×250 nm2. (c) Intensity ratio (I1260/I1300) image of 1260 cm-1 over 1300 
cm-1 peaks. The only area with significant intensity at 1260 cm-1 is shown 
with a false color code. Olive and fish oil droplets appear blue and reddish 
yellow, respectively. The scale bar is 10 μm. (d) FM-CARS spectra of the 
oil droplets marked as A, B and C in (a) and (b). These spectra are scaled 
and vertically displaced for clarity. 

5.4.5 Chemical Imaging of Lipid Droplets Inside Cells  

FM-CARS images of live 3T3-L1 cells are shown in Figure 5.13. Lipid droplets 

inside cells are clearly visible in the images at 1300 and 1460 cm-1, respectively (Figures 

5.13a and c). The off-resonant 1420 cm-1 image (Figure 5.13b) shows little contrast 

demonstrating our ability to suppress non-resonant backgrounds. Note that these images 

are obtained at the fingerprint region, where lipid CARS signals are weaker than those at 
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2840 cm-1 by at least one order of magnitude. Lipid droplets are one of the most studied 

samples in CARS microscopy.24 They are condensed triglycerides of fatty acids 

surrounded by various enzymes on their surface. Note that most CARS imaging of lipid 

droplets have been measured at 2840 cm-1 in the previous studies. Although strong signal 

levels at this frequency indicate the presence of highly packed lipid acyl chains, its 

chemical information is significantly limited. Fingerprint region offers further chemical 

information such as unsaturation level of lipid acyl chains.4, 29-31 Figure 5.13d shows FM-

CARS spectra at two lipid droplets marked as A and B in Figures 5.13a and b. Their 

CARS spectra are very similar to the one from oleic acid (Figure 5.9a), which consists of 

18:1 acyl chains. This is consistent with the known fact that most lipid droplets are 

triglycerides of oleic acids.33 We find that all the lipid droplets in Figure 5.13 have 

similar lipid compositions. If one can obtain images at several characteristic frequencies 

such as 1260 and 1300 cm-1, quantitative chemical identification is also possible. 

Alternatively, CARS micro-spectra at several sample positions can be used to study 

microscopic samples in more detail. 

 

 

Figure 5.13: FM-CARS images of 3T3-L1 cells at (a) 1300, (b) 1420 and (c) 1460 cm-1. 
The images have 200×200 pixels and the image acquisition time is 1 second. 
The scale bar is 10 μm. (d) FM-CARS spectra at the positions marked as A 
and B in (a), (b) and (c). 
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We find that chemical compositions of lipid droplets inside cells depend on the 

culture condition. Figure 5.14 shows such an example. In this experiment, we incubate 

HeLa cells in a medium containing a large concentration (400 μM) of linolenic acids. The 

resulting cells contain lipid droplets that mostly consist of 18:3 lipid acyl chains 

(linolenic acid). Figure 5.14a is a FM-CARS image taken at 1260 cm-1. This peak is 

strong only in lipid samples containing highly unsaturated acyl chains.4 The top spectrum 

in Figure 5.14b shows FM-CARS spectrum at one of lipid droplets (marked as A in 

Figure 5.14a. diameter < 1 μm). The acquisition time for this spectrum is 1 second. The 

bottom spectrum is taken from bulk linolenic acid. These two spectra are very similar in 

their peak positions and relative peak ratios. We find that most lipid droplets in this HeLa 

cells are similar in their lipid compositions. 

 

 

Figure 5.14: (a) FM-CARS image of a HeLa cell at 1260 cm-1. This cell is treated with a 
medium rich in linolenic acid (400 μM) overnight. (b) (top) FM-CARS 
spectrum at the position A in (a). (bottom) FM-CARS spectrum of bulk 
linolenic acid. The scale bar is 5 μm. Note that the diameter of lipid droplet 
of A is ~ 1 μm. 
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Figure 5.15: (a) FM-CARS spectrum of bulk DPPC film. The molecular structure of 
DPPC is also shown. (b) FM-CARS images of a DPPC MLV at 1060, 1100 and 1130 cm-

1. Each image has 100×100 pixels and the pixel size is 300×300 nm2. The image 
acquisition time of a single image is 10 seconds. The polarization directions of the laser 
pulses are indicated with white arrows. Note that the intensity scale of each image is 
scaled for clarity. The image at 1130 cm-1 has about three times stronger signals than the 
one at 1100 cm-1. The scale bar is 5 μm. See the text for details. 

5.4.6 Polarization Dependent Imaging of DPPC Multi-Lamellar Vesicle  

In this demonstration, we investigate the orientational order of lipid acyl chains in 

phospholipid membranes by the polarization dependence of their CARS signals. Multi-

lamellar vesicles (MLV) of DPPC (its chemical structure is shown at the upper right 

corner in Figure 5.15) are used in this study. DPPC has two completely saturated alkyl 

chains and its membrane is in a gel phase at room temperature.30 Figure 5.15a shows the 

FM-CARS spectrum of a bulk DPPC film. Note that the CARS spectrum of DPPC 

membrane can be significantly different from this bulk spectrum as described below. As 
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one can see in Figure 5.15c, there are distinct triplet peaks around 1100 cm-1, which are 

assigned to the skeletal C-C stretching modes of long lipid acyl chains. In solid or gel 

phase of DPPC, this region contains three peaks. In literature, the 1060 and 1130 cm-1 

peaks are assigned to out-of-phase and in-phase C-C stretching vibrations of all-trans 

conformers, respectively.29,30 The narrow 1100 cm-1 peak is the C-C stretching mode of 

conformers with isolated gauche defects.30,31 

Interestingly, we see distinct polarization dependence of the CARS image on the 

vibrational peak positions in this frequency region. Figure 5.15b shows the CARS mages 

at 1060, 1100 and 1130 cm-1. Note that all the laser pulses in our FM-CARS method have 

identical polarization directions. This is an advantage of our method over the previously 

demonstrated FM-CARS methods, which utilized two orthogonally polarized pump 

pulses.11,14 The white arrow in Figure 5.15b indicates the polarization direction of our 

laser pulses (pump and Stokes). We obtain decent image from all three vibrational 

frequencies.  

The CARS images at 1060 and 1130 cm-1 are highly polarized (Figure 5.15b). 

The image at the out-of-phase (1060 cm-1) and the in-phase (1130 cm-1) modes show 

shapes of a quadrupole and dipole, respectively. These vibrational peaks are from C-C 

stretching of all-trans acyl chains, which form ordered zigzag chain conformations. The 

image at 1100 cm-1, the gauche conformer peak, is almost depolarized. Since gauche 

conformers represent disordered chain conformation, it expected to be depolarized. In 

Figure 5.15b, we scale the image intensities to visualize the contrast of each image. Note 

that the signal intensity at 1100 cm-1 is significantly lower than those of 1060 and 1130 

cm-1 and implies that this membrane is highly ordered but still possesses a small amount 

of gauche detects. As one can see in this study, polarization dependent CARS imaging 

can give great insight over the chain order of lipids.  
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Figure 5.16: Lateral FM-CARS images of (a) DMSO (1027 cm-1) and (b) fat (1450 cm-1) 
in a skin tissue previously soaked in DMSO. The depth-profiles of (c) 
DMSO and (d) fat are along the white line indicated in (a) and (b). The 
vertical section position of images in (a) and (b) are also shown with the 
white line in (c) and (d). The lateral images ((a) and (b)) have 200×200 
pixels and the pixel size is 500×500 nm2. The depth-profiles are constructed 
from 100 stacks of lateral images. It takes 6 seconds to obtain one lateral 
image. The scale bar is 20 μm. (e) FM-CARS spectra of DMSO and fat. 

5.4.7 Imaging of Chemical Diffusion in Skin 

CARS is useful to track chemicals in tissues if the chemical has a distinct Raman 

peaks that is not present in the tissue.24 Figure 5.16 shows such an example. Here we 

study the penetration of dimethyl sulfoxide (DMSO) in a skin of a mouse ear.9 DMSO is 

a widely used skin-penetration enhancer, penetrates through hydrophilic parts of skin 

tissues. Figures 5.16a and b show the distribution of DMSO and fat in the subcutaneous 

fat layer at a depth of 65 μm from the skin surface. These images are obtained in 7 s at 

1027 and 1450 cm-1 for DMSO and fat, respectively. FM-CARS spectra of DMSO and 

fat cells are shown in Figure 5.16e. One can clearly see that DMSO penetrates the skin 
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via hydrophilic regions and avoids lipid-concentrated area. The depth profiles in Figures 

5.16c and d show that our imaging depth is up to 80μm. We observe several lipid-rich 

structures in the skin. In Figure 5.16d, bright area corresponds to stratum corneum, 

sebaceous glands and subcutaneous fat layers from bottom (skin surface) to top. 

DMSO has a peak at 1420 cm-1 very close to our probe frequency of lipids (1450 

cm-1) as one can see in Figure 5.16e. However, the resulting image at 1450 cm-1 shows 

clear distribution of fat confirming the high spectral resolution of our FM-CARS 

method.4 When we switch the excitation frequency from 1450 to 1420 cm-1 and it shows 

the distribution of fat (data not shown). 

5.4.8 Chemical Imaging of Plant Tissues 

Figure 5.17 shows the FM-CARS images of plant cell walls in a corn leaf. This 

sample represents an example of lignocellulosic biomass that gains significant interest 

recently.24,34 It can be processed into alcohol has a potential as an alternative energy 

source. Lignin is the one of major obstacles to commercialization of this process since it 

prevent the decomposition of cellulose polymers into soluble saccharides.24,34 Thus, 

understanding of the distributions of lignin and cellulose becomes an important 

technological question.34 We image both cellulose and lignin at 1100 and 1600 cm-1, 

respectively. The 1100 cm-1 peak is from stretching vibrations of C-O-C linkage of 

cellulose.35 Lignin’s 1600 cm-1 peak originates from its aromatic C=C vibrations and 

used as a lignin marker in several previous Raman microscopy studies.24,34,35 Note that 

pure cellulose does not have 1600 cm-1 peak. We verified this from the FM-CARS 

spectrum of paper fiber (data not shown). As one can see in Figures 5.17a and b, these 

two components have distinct spatial distribution. Figures 5.17c and d show the vertical 
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sections of Figures 5.17a and b, respectively. One can clearly see that lignin layers are 

sandwiched between cellulose layers. 

 

 

Figure 5.17: Lateral FM-CARS images of (a) cellulose (1100 cm-1) and (b) lignin (1600 
cm-1) in a corn leaf. The depth-profiles of (c) cellulose and (d) lignin are 
along the white line indicated in (a) and (b), respectively. (a) and (b) are 
measured at the vertical position indicated by the white lines in (c) and (d). 
The lateral images ((a) and (b)) have 300×300 pixels. It takes 3 seconds to 
obtain one lateral image. The depth-profiles are constructed from 100 stacks 
of lateral images. The scale bar is 10 μm. (e) FM-CARS spectra at the 
positions marked as A and B in (a) and (b). 

We also perform micro-spectroscopy of this sample. We find that the 

photodamage threshold of this sample is low and 0.5 second laser exposure at a single 

spatial point is only possible with a laser power less than 0.5 mW. However, a fast beam 

scanning microscopy can performed with a laser power up to 20 mW without any visible 

photodamage. Thus, instead of measuring FM-CARS spectrum at a single position, we 

obtain 80 images at vibrational frequencies from 900 to 1700 cm-1 with 10 cm-1 interval. 

Each frequency image is taken in 1.5 second resulting in total hyperspectral imaging time 
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of 2 min. In Figure 5.17e, we show the vibrational spectra at two positions (marked as A 

and B in Figures 5.17a and b) constructed by this way.  

5.4.9 Spectral Focusing CARS at CH Stretching Region 

Figure 5.18a and b show spectral focusing CARS spectra of bulk organic solvents 

and fatty acids, respectively. These spectra are taken at the CH stretching region with 

PCF supercontinuum output as the Stokes. Spectral resolution of 3060 cm-1 peak of 

benzene in Figure 5.18a is 30 cm-1. We find that most hydrocarbon samples larger than 1 

micron fall in the homodyne regime ( ( ) ( )ωω NRR PP >> ) and their CARS spectra resemble 

those of spontaneous Raman scattering.15 Note that the signal intensities in Figure 5.18 

are much stronger than those in Figure 5.9a (fingerprint region). 

 

 

Figure 5.18: Spectral focusing CARS spectra of (a) organic solvent and (b) fatty acids at 
the CH stretching region. A spectrum is obtained in 0.5 s. All the traces are 
vertically displaced and scaled for clarity. 

Figure 5.19 demonstrates our approach of combining sensitive CARS imaging at 

the CH stretching mode and chemically informative micro-spectroscopy at the fingerprint 

region. Figure 5.19a and b show FM-CARS images at 2850 cm-1 from a mouse skin 
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obtained at different depths in the same area. Figure 5.19a shows sebaceous gland cells at 

the depth of 25 μm from the skin surface. The nuclei appear dark due to their absence of 

lipid. Figure 5.19b is from fat cells at a depth of 55 μm. The left top corner area has very 

weak signals due to the shadow effect of gland cells above it. The image acquisition time 

is 2 s and the pump and Stokes powers are 10 and 1 mW, respectively. 

 

 

Figure 5.19: CARS Images of a mouse ear measured at 2850 cm-1. (a) sebaceous gland 
cells (b) subcutaneous fat cells The images have 200×200 pixels and the 
pixel dwell time is 50 μs. (c) FM-CARS spectra at the positions of A and B. 
Note the different peak ratios at 1260 and 1300 cm-1 in these spectra. These 
traces are vertically displaced for clarity. 

Previous CARS investigation reported that sebaceous gland cells and 

subcutaneous fat cells have different lipid compositions probed by their CARS spectra at 

CH stretching region (2800-3100 cm-1).36 Figure 5.19c shows CARS micro-spectra of 

these two lipid-rich structures at the fingerprint region. Spectrum A, which is from 

sebaceous gland, shows higher peak intensities at 1300 cm-1 relative to that of 1260 cm-1 

indicating that the lipids in this cell are highly saturated. Spectrum B resembles that of 

pure oleic acid showing that the lipids in the fat cells consist of mono-unsaturated lipid 

acyl chains. This finding is consistent with the previous study at the CH stretching 

region.36 Since the fingerprint region contains multiple characteristic vibrational peaks 
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with known peak positions and relative intensity distribution, more specific chemical 

assignment is possible. Combination of the highly sensitive CARS imaging at the CH 

stretching mode and chemically informative micro-spectroscopy at the fingerprint region 

will be a very powerful microscopy method. 

 

 

Figure 5.20: (a) CARS images of DPPC lamellar membranes measured at 2840 cm-1. 
This image contains 300 × 300 pixels and the pixel dwell time is 80 μs. The 
scale bar is 4 μm. (b) CARS spectra at A and B in (a). Spectral acquisition 
time is 1 s. These traces are normalized and vertically displaced for clarity. 

CARS signals from micron-sized lipid structures are in the homodyne regime.12 

Lower concentrated lipid samples, however, fall in the heterodyne regime. Figure 5.20a 

shows a CARS image of DPPC lamellar membranes measured at 2840 cm-1. This sample 

consists of several merged lipid bi-layers and contains regions of different thickness of 

lipid bi-layers. It also shows the polarization dependence of CARS signals. The laser 

polarization direction is along the vertical axis and horizontally oriented lipid chains 

show brighter contrast. Figure 5.20b shows CARS spectra at the positions marked as A 

and B in Figure 5.20a. Note that the position A has stronger CARS signals than B due to 

both the higher lipid concentration and favored chain orientation with respect to the laser 
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polarization direction. The spectral shapes of A and B, however, are remarkably similar 

indicating that CARS signals of this sample fall in the heterodyne limit. Note that CARS 

spectrum changes its shape depending on sample concentration. Only in the homo- or 

heterodyne limit, the spectrum becomes consistent.  

 

5.5 DISCUSSIONS  

It is of significant interest to consider the optimal laser configuration for spectral 

focusing CARS microscopy. The critical requirement of this method is the identical GVD 

in the pump and Stokes pulses. In addition, the duration of time overlap between the two 

pulses determines the spectral resolution of CARS signal. Thus, the optimal condition is 

met when the bandwidths of the pump and Stokes pulses are identical.35 If one laser pulse 

has a narrower bandwidth than the other, its pulse duration will be longer than the other 

pulse (with the identical GVD) and there will be some parts of the time-profile of the 

pulse that is not used in CARS signal generation. The strength of a pure resonant CARS 

signal at its peak frequency does not depend on the pulse duration as long as the pulses 

are shorter than the vibrational dephasing time. However, as we demonstrated 

experimentally in Figure 5.7, CARS signals increase with shorter laser pulses (i.e. less 

GVDs). This is due to the homodyne amplification of the CARS signal with the non-

resonant background. The non-resonant background is an electronic response and has a 

virtually instantaneous response time. A shorter pulse will boost the strength of this 

background and increase its interference with the CARS signal ( ( ) ( )[ ]ωω RNR PP Re2 ). 

Accordingly, one can obtain more sensitivity with shorter pulses. The spectral resolution, 

however, becomes poor if the pulse is too short. We find that the optimum balance 

between CARS signal strength and the spectral resolution occur at ~1 ps pulse duration. 
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This is the condition of our experiments reported here. The cross correlation of the pump 

and Stokes pulses measured by the non-resonant background with a glass is 1.5 ps.  

Another important issue that one must consider in multiphoton microscopy is 

non-linear laser photodamage of samples. In our previous works, we used very short laser 

pulses to generate CARS signals. We notice that 30 fs pump pulses with a power of 2 

mW (1 nJ in 2 MHz)) can instantly blast cells and tissues. However, 1 ps pulses with as 

much power as 20 mW (10 nJ in 2 MHz) can be tolerated by live cells without any visible 

short-term photodamage. Since the CARS process is a third-order process, one can obtain 

orders of magnitude larger CARS signals with picosecond pulses than with femtosecond 

pulses under the limit of sample photodamage. Note that the photodamage is a 

complicated phenomenon and depends on the wavelength of the laser and the laser 

repetition rate. Our observations also agree with the result from the previous 

photodamage study of living cells and tissues.37 We also notice that the photodamage 

threshold critically depends on the laser dwell time. As discussed in the lingnin/cellulose 

imaging (Figure 5.17), fast beam scanning microscopy can be performed with much 

higher laser powers than point micro-spectroscopy measurement with the same laser 

power in several cases. In this situation, the hyperspectral images by fast beam scanning 

microscopy will be more appropriate.   

Most biomedical applications of CARS microscopy have been performed at the 

2840 cm-1 peak of lipids.24 This peak is uniquely isolated from other peaks and very 

strong in lipid due to its abundance in lipid acyl chains. The Raman cross section of this 

peak in lipids is about one order of magnitude larger than those in the fingerprint region. 

Since CARS cross section is quadratically proportional to that of spontaneous Raman 

scattering, it implies that 2840 cm-1 peak is two orders of magnitude stronger than most 
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peaks in the fingerprint region. However, as we demonstrate in this work, the fingerprint 

region offers great chemical information.  

Another noteworthy difference of vibrational response of biological samples at 

the fingerprint and CH-stretching regions are their spectra shapes. One can often find 

narrow resolved vibrational peaks in the fingerprint region. In addition, most biological 

samples that we have observed so far fall in the heterodyne regime ( NRR PP << ). In this 

situation, the CARS spectrum looks dispersive and we can apply the FM method to 

generate Raman-like CARS signals. In the CH stretching region (2800 ~ 3000 cm-1), 

however, dense lipid structures such as lipid droplets fall in the homodyne regime 

( NRR PP >> ) and its CARS signals are often very close to that of spontaneous Raman 

scattering.12 The peaks in this region are also very crowded and one cannot distinguish 

individual peaks.38 Our FM-CARS method cannot obtain Raman-like CARS signals in 

this case.  

Hyperspectral imaging, i.e. vibrational spectra measured at entire microscopy 

sample positions such as multiplex CARS or confocal Raman microscopy experiments, is 

ideal for vibrational imaging.21 In biomedical imaging applications, however, imaging 

speed and sensitivity are also very important. As we demonstrate in this work, a 

combination of single frequency CARS imaging and in-situ micro-spectroscopy provides 

an alternative approach to the hyperspectral vibrational imaging. Ratio-metric images 

constructed with single frequency CARS images obtained at a few characteristic 

vibrational frequencies is also a promising approach.  

Although we demonstrate great sensitivity of our current CARS setup, it is not yet 

optimal for the CH stretching vibrations. The maximum power of the PCF 

supercontinuum pulses in the current setup is only 1 mW, which is an order of magnitude 

smaller than that of the pump pulses (~10 mW). Since nonlinear photodamage is 
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significantly lower with the pulses of 1 μm wavelength than those of 800 nm, more 

CARS signals can be obtained by increasing the Stokes power, which is available with 

other type of laser sources. Also note that we pump the PCF with significantly higher 

pump power (~15 nJ) in comparison to the demonstrations by other groups (typically 2~3 

nJ).12, 26, 27 We observe that the spectral shape of IR supercontinuum changes significantly 

over the pump laser power. At a lower pump power, the IR pulse spectrum is broader and 

we are not able to achieve 30 cm-1 even with a larger amount of GVD. As one can see in 

Figure 5.6b, our IR supercontinuum has a single Lorentzian spectral shape. We find that 

IR pulse of this spectral shape generates CARS signals with highest spectral resolution. 

Note that the spectral shape of our CARS signal is robust. Once the fine alignment of 

PCF continuum generation is done, we seldom need to re-tweak the setup over a half day.  

Recently, Slipchenko et al. demonstrated a new approach that combines the 

narrow CARS microscopy and Raman microspectroscopy.7 In their work, CARS 

measurements at 2840 cm-1 were used for lipid imaging and Raman spectra were 

measured at several points of interest for further chemical identification. They reported 

Raman spectra measurements from a lipid droplet ( size ~ 2μm) inside a living cell with 

a CCD exposure time as short as 10 ms. Note that Raman measurement with a CCD is a 

parallel process; i.e., all different frequency signals are measured simultaneously while 

our FM-CARS spectroscopy is a serial process where only the signal at a single 

vibrational frequency is measured at a time. With the same total experiment time, both 

methods may show similar microspectroscopy performance with samples of strong 

vibrational signals such as lipid droplets. Chemical selectivity in imaging, however, is 

different. Since the FM-CARS methods removes the nonresonant background and 

measures Raman-like vibrational signals in both imaging and microspectroscopy, we can 

perform fast beam-scanning imaging at multiple characteristic vibrational frequencies to 
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obtain more information about the distributions of multiple chemical species. 

Microspectroscopy also greatly helps the image analysis, since it measures the same 

signals and enables us to choose the best vibrational frequencies for imaging.  

 

5.6 CONCLUSIONS  

Spectral focusing CARS method is advantageous over the narrow CARS one in 

terms of its simplicity, flexibility and lower cost. It does not require any change of laser 

cavity or optics to switch the excitation vibrational frequency. Moreover, it enables rapid 

frequency switching via time-delay allowing fast micro-spectroscopy measurements. In 

this demonstration, we discuss the fundamental aspects of the spectral focusing CARS 

technique and report an active FM version of spectral focusing CARS microscopy that 

can generate Raman-like CARS signals. Chemically selective imaging is demonstrated 

with variety of food and biological samples in the fingerprint region. In the CH stretching 

region, combination of single frequency CARS and micro-spectroscopy can reveal 

chemical structures of microscopy samples. We demonstrate both CARS imaging and 

micro-spectroscopy with various biologically important samples. The combination of 

CARS imaging and in-situ micro-spectroscopy will be a powerful tool for study of cells 

and tissues. 
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Chapter 6: Quantitative Chemical Imaging with Multi-Frequency 
CARS Microscopy  

 

6.1 INTRODUCTION 

Coherent anti-Stokes Raman scattering (CARS) microscopy circumvents the 

weak signal problem inherent to spontaneous Raman detection by stimulating a Raman 

vibrational resonance and detecting blue-shifted signals that can be easily separated from 

fluorescence background.1 It is this stimulation nature of CARS process that significantly 

enhances the Raman scattering signals and enables the faster imaging. Despite the 

strengths of selectivity and sensitivity, a major drawback residing in CARS is the 

inevitable nonresonant background that coherently mixing with the resonant signal of 

interest. Consequently, the interference between these two signals makes quantitative 

analysis difficult.2 Accordingly, CARS microscopy is not a zero-background detection 

technique unless the special techniques are employed.3 Especially for high-quality 

imaging of biological samples, a nonresonant background suppression is mandatory.4  

Many approaches have been pursued in CARS microscopy to suppress this 

unwanted electronic background. In polarization-CARS (P-CARS), the introduction of an 

analyzer in the detection pathway discriminates the different electronic and vibrational 

signals.5 Despite suppression of nonresonant signal, the vibrationally resonant signal is 

severely attenuated as well. For epi-CARS (E-CARS), the nonresonant signal from the 

solvent is suppressed whereas the signal from small objects with diameters below or 

equal to the excitation wavelength is retained in backward collection scheme.6 This size-

selective mechanism leads to a good suppression of the solvent background in the 

transparent samples such as thin cell cultures. However, the quantitative interpretation of 



 117

the resonant signal is still not possible. Especially in highly scattering media such as 

tissues, the E-CARS signal is dominated by the backscattering of forward-propagating 

contributions again, resulting in no direct suppression of the nonresonant signal.7 By 

controlling the phase response of the resonant and nonresonant signal, the vibrationally 

resonant CARS signal can be extracted by the interferometric method.8 With 

femtosecond laser excitation, phase shaping is used to enhance the interference between 

resonant and nonresonant signals, from which resonant signals can be extracted by 

spectral interferometry. This method has been applied to CARS microscopy to obtain the 

hyperspectral imaging in the vibrational fingerprint region.9-10 Due to the small Raman 

cross section and photodamage for bio-samples in the fingerprint region, the application 

of this background-free detection scheme is currently limited to lipid imaging.9-10  

Frequency-modulation (FM) CARS technique based on rapid modulation of the 

difference frequency between the pump and the Stokes beams, has also proven to be an 

effective way to eliminate the nonresonant signal.11 It relies on the different spectral 

shapes of the resonant CARS signals and nonresonant background. If the difference 

between CARS signals at two vibrational excitation frequencies can be measured, the 

contributions of the nonresonant signal in the measured frequencies can be removed 

Since the nonresonant background does not change with respect to the excitation 

frequency. This scheme requires sophisticated laser systems to perform the necessary fast 

frequency modulation such as the one with a novel optical parametric oscillator than can 

switch the output frequency at tens of megahertz. Recently, a new CARS microscopy has 

emerged, which based on the so-called “spectral focusing”.12-16 It requires a relatively 

simple experimental setup and frequency scanning can be switched rapidly by time-delay. 

The high spectra resolution and fast frequency change are realized by the time delay 

between the chirped broadband pulse pairs. Several FM spectral focusing CARS methods 
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have been demonstrated very recently. Meanwhile, a unique triple-frequency symmetric 

subtraction scheme to yield the background-free vibrational contrast in CARS imaging is 

proposed.17 However, it works for the resonant signals larger than or comparable to the 

nonresonant background which is not always true in the most biological systems of 

interest.  

CARS microscopy can identify molecular structures of local samples by 

characteristic vibrational response of molecular functional groups constituting the sample 

molecules themselves. Due to multiple peaks overlapping in frequency for different 

molecules, vibrational spectrum is typically required for chemical analysis. However, 

most narrow-band CARS applications have been performed at one or two vibrational 

frequencies so far owing to the difficulty of tuning laser frequency.1 The strong response 

of symmetric CH stretching mode at 2850 cm-1 is the popular frequency of choice thanks 

to the isolated vibrational frequency and its abundance in long lipid alkyl chains. This 

makes CARS microscopy an excellent imaging tool for the lipid related studies. Its 

chemical selectivity, however, is limited. For example, Potma et. al. reported that the 

CARS spectrum of keratin fibers in the cortex of human hair, which shows a significant 

intensity at 2850 cm-1.18 The non-lipid samples are not easily seen in CARS microscopy 

since the signals are dominated by the strong lipid samples at the microscopy imaging. 

Thus it is highly desirable to obtain vibration spectra at all image pixels and construct 

chemical images via spectral analysis.19 On the other hand, a full vibrational spectrum 

may not be necessary for chemical analysis in many situations. If one can get the CARS 

images at a few characteristic frequencies, it is still possible to obtain distribution maps 

of molecular species via spectral analysis.  

In our previous work, we performed a combination of single-frequency CARS 

imaging and in situ microspectroscopy to obtain sample information equivalent to 
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hyperspectral imaging.16 In this work, we demonstrate an alternative approach where the 

CARS signals obtained at a few vibrational frequencies. The nonresonant background is 

removed and quantitative analysis is feasible at both the homodyne or heterodyne 

regimes. Further, we apply this method to image the unstained tissues. By constructing a 

color image with multiple frequencies signals, we visualize the lipid-like and protein-like 

samples via different colors to show their chemical distributions in a similar way as 

traditional haematoxylin and erosin (H&E) staining histology. Although label-free 

imaging tools for tissues are already demonstrated by performing multimodal nonlinear 

optical microscopy where sum-frequency generation (SFG) and 2-photon excitation 

fluorescence (TPEF) were integrated on a CARS microscope platform to visualize the 

lipids and proteins,14,20,21 we distinguish them by CARS-based spectral imaging instead 

of complicated optics.    

 

6.2 THEORY OF CARS BACKGROUND SUPPRESSION BY MULTI-FREQUENCY PROCESS 

The CARS intensity is a coherent sum of third-order transient polarizations as 

follows:9,10 

( ) ( ) ( ) ( ) ( ) ( )[ ] ( )222 Re2 ωωωωωωω RRNRNRNRR PPPPPPS ++=+∝  

where ( )ωS  is the measured signal at the frequency of ω . ( )ωRP  and ( )ωNRP  are the 

transient polarizations for the resonant CARS signals and nonresonant background at ω , 

respectively. Consider CARS signals in the homodyne regime [ ( ) ( )ωω NRR PP >> ]. The 

measured CARS intensity becomes  

 

( ) ( ) 2ωω RPS ≈  
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On other hand, for CARS signals from the sample in the heterodyne limit 

[ ( ) ( )ωω NRR PP << ], the measured CARS signals becomes 

 

( ) ( ) ( ) ( )[ ]ωωωω RNRNR PPPS Re22 +≈  

 

As one can see, there are two relations between the measured CARS signals and 

sample concentration. For the sample in high concentration, the signals are in homodyne 

regime, and the signal has quadratic dependence on the concentration ( ( ) ( )2ωω RPS ≈ ) 

whereas at low concentration the signal is linearly proportional to the sample 

concentration if the nonresonant background ( )ωNRP  is invariant 

( ( ) ( ) ( )[ ]ωωω RNR PPS Re2≈ ). This dual dependence of CARS signals on the sample 

concentrations makes the quantitative analysis of the CARS signals very difficult. We 

find an analytical process that can solve this problem and remove the nonresonant 

background completely. We use the following method to retrieve vibrational signals: 

 

( ) ( ) ( ) ( )[ ] ( ) ( ) ( )( ) ( )ωωωωωωωω NRNRRNRRNRNR PPPPPPSSD −++∝−= 2Re21  

 

where ( )ωNRS  is the nonresonant signal at the frequency of ω . Under the condition of 

homodyne limit [ ( ) ( )ωω NRR PP >> ], the contrast becomes  

 

( )ωRPD ∝  

 

whereas for the heterodyne limit [ ( ) ( )ωω NRR PP << ], the contrast becomes 

 

( )[ ]ωRPD Re∝  
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After this data process, we can have both linear concentration dependence of our contrast 

in the homodyne or heterodyne regimes even though they have different dependences. 

Note that the nonresonant signal is removed as well.    

In order to make this data process into practice, from the equation of D, the 

information of ( )ωS  and ( )ωNRS  are required, i.e. the information of measured CARS 

intensity and nonresoant signal at the frequency ofω . ( )ωS  is easy to obtain since it is 

the measured CARS intensity by PMT, but ( )ωNRS , the nonresonant signal at the 

frequency of ω  that can not be measured, would be problematic. Given that the spectral 

shape of the nonresonant background is invariant to samples, ( )ωNRS  at resonant 

sample can be interpolated from signals at frequency far from vibrational resonances. 

Thus, we will have a cure for the nonresonant responsive at all the frequencies of interest 

by this interpolated ( )ωNRS at every image pixels. As a result, the process of D can be 

carried out without any further assumption. 

The dual dependence of CARS signals on the sample concentrations poses even 

worse effect on the CARS imaging. For example, all the contrasts at 2850 cm-1 in the 

sectioned mouse ear skin in Figure 5.19 mainly come from the lipid signals due to the 

homodyne regime. Note that there are still some fine structures other than lipids in the 

tissue with the same vibrational response. The signal in the heterodyne limit will be 

buried in the image. In fact, this well-know lipid selectivity of CARS microscopy is 

mostly due to density of CH2 group. That means the contrast is from the density property 

instead of vibrational response. By obtaining the spectral information of interest, we can 

identify the molecular species based on spectral shape, not density.9,10 However, it is time 

consuming to construct the imaging contrast with vibrational spectra measured at entire 

microscopy sample position. It is not much more informative either, particularly in the 

CH stretching region, because of the presence of broadband vibrational peaks. 
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Consequently, by CARS images at a few characteristic frequencies can provide sufficient 

spectral information to identify the molecular species. Moreover, with the help of ratio-

metric imaging and color encoding, the distribution of relative composition of lipid and 

protein in the tissues can be acquired. Thanks to the rapid frequency sweeping capability 

of spectral focusing CARS method, 12-16 this spectral CARS imaging can be performed in 

a fast and robust fashion.   

 

6.2 EXPERIMENTAL SECTION 

Figure 6.1 shows our CARS microscopy setup for the CH stretching frequency 

region (2700 ~ 3100 cm-1) which is similar to that of the Stolow group published 

recently.14 One difference is the use of a cavity dumping Ti:Sapphire laser (Cascade, KM 

Labs), which produces ultrafast pulses with a much higher peak power (40 nJ) and 

broader bandwidth (FWHM ~ 80 nm, center frequency at 790 nm) at a lower repetition 

rate (2 MHz). A 50:50 beam splitter (FABS, CVI) splits the fundamental laser pulses into 

two parts. One part is used as the pump pulses for CARS signal generation. The other 

beam generates supercontinuum with a PCF (photonic crystal fiber, NL-1.4-775-945, 

Crystal Fibre). This PCF has two zero dispersion wavelengths (ZDW) at 745 and 945 nm 

and its supercontinuum output has distinct visible and IR components when it is pumped 

at the frequency between the two ZDW’s.2 The IR part of the supercontinuum, which is 

used as the Stokes pulse for CARS, is centered at 1050 nm and has a bandwidth of ~ 100 

nm (FWHM). A half wave plate (ACWP, CVI) controls the polarization direction of the 

pump pulse for the supercontinuum generation. The output polarization of the 

supercontinuum is slightly elliptical, but more than 90% of the pulse energy has the same 

polarization direction of the pump pulse. SF57 glass rods with lengths of 20 and 30 cm 
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are inserted in the pump and Stokes arms, respectively. A voice coil scanner (V-106.11S, 

PI) controls the time delay between the pump and Stokes pulses. Note that the speed of 

voice coil scanner can be operated at the speed of 1 mm/s. The pump and Stokes pulses 

are combined by a dichroic mirror (930 ASP, Omega Optical) and sent to a homemade 

microscope. Our microscope uses a galvo scanner (GVSM002, Thorlabs) to raster scan 

the laser focal spot on the sample plane. The laser pulses are focused into a sample by a 

1.2 N.A. water immersion objective lens (Olympus) and CARS signals are collected by a 

0.65 N.A. air objective lens (Olympus). Two sharp-edge short wave pass filters (710 

ASP, Omega Optical) remove the laser pulses and CARS signals are detected with a 

PMT (Hamamatsu, H9656-20). We obtain CARS images at one vibrational frequency, 

move the voice coil and repeat the process by a Labview program. Images with 300×300 

pixels are obtained with a pixel dwell time of 50 μs. It takes 20 s to generate images at 

the four frequencies (2700, 2850, 2930, 3100 cm-1 are selected). We measure the CARS 

intensity of water at the entire frequency range of 2700 ~ 3100 cm-1 as a non-resonant 

background reference and do the interpolation to get the responsive cure for nonresonant 

signal. We choose 2700 and 3100 cm-1 as the background characteristic frequencies 

which show no vibrtaional resonance for the lipid and protein and fit them into the 

calibration cure to get the nonresonant signals at the characteristic frequencies, 2850 and 

2930 cm-1 or the frequency of interest. The data process of ( ) ( )ωω NRSSD −=  can 

be carried out. 
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Figure 6.1:  (a) Experimental setup for CARS experiments at CH stretching region. BS, 
50:50 beamsplitter; HW, half wave plate; PCF, photonic crystal fiber; L, 
lens; G, SF57 glass; DM, dichroic mirror; SM, galvo scanning mirror; F1, 
long wavelength pass filter; F2, short wavelength pass filter; OL, 
microscope objective lens; S, sample. 

 

6.3 RESULTS AND DISCUSSIONS 

6.3.1 Closer Look at CARS Signals  

Figure 6.2a shows the raw CARS signals of methanol at the CH stretching area 

read from the PMT output (i.e. ( )ωS  in our notation). For the pure methanol (top trace), 

the two distinct peaks of methanol around 2840 and 2940 cm-1 are resolved due to the 

good spectral resolution of our spectra focusing CARS. Its non-dispersive spectral shape 

resembles that of spontaneous Raman scattering. In the case of homodyne limit 

[ ( ) ( )ωω NRR PP >> ], the measured CARS signals are dominated by ( )2ωRP  resulting 

in ( ) ( )2ωω RPS ≈ . Thus, in this regime, one observes quadratic dependence of the CARS 

signals at high concentration of methanol in Figure 6.2b. However, at a low concentration 

shows a dispersive spectral shape due to the presence of water background. This can be 

confirmed by the pure water CARS signal as shown in the bottom trace of Figure 6.2a.  
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Figure 6.2:  (a) Spectral focusing CARS spectra of pure MeOH (top), 4 % MeOH(aq) 
(middle), and water (bottom). Each spectrum is taken at 0.5 s. Note that the 
y-axis is the real voltage output we read from the PMT at the fixed gain. (b) 
Concentration dependence of CARS signals based on the 2840 cm-1 peak 
from various aqueous MeOH solutions. The x-axis is shown with the log 
unit of the MeOH concentration.   

The interference between the resonant and nonresonant signals makes the 

measured signals located in the heterodyne limit [ ( ) ( )ωω NRR PP << ], where the condition 

of low concentration of oscillators occurs. Here, we essentially measure the cross-term 

( ( ) ( ) ( ) ( )[ ]ωωωω RNRNR PPPS Re22 +≈ ) that is linearly proportional to the sample 

concentration. The linear concentration dependence of the spectral focusing CARS 

intensity is obvious at the low concentration of methanol in Figure 6.2b. The CARS 

intensity depends on the sample concentration linearly or quadratically depending on the 

corresponding CARS signal regime. This poses a lot of problems in the quantitative 

analysis. In the following section, we demonstrate a method to remove this dual 

dependence.    
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6.3.2 Quantitative CARS in the CH Stretching Region   

Figure 6.3 shows how the data process affects the spectral shape of methanol at 

the high and low concentrations, respectively. In the top traces of Figure 6.3a, the thick 

curve represents the spectral focusing CARS spectra of 4 % methanol in aqueous solution 

while the thin one is that of water. Normalized 4 % methanol signal by water reference is 

shown in the middle trace of Figure 6.3a. A dispersive spectral shape indicates that 

CARS signals are in the heterodyne limit. However, the normalization process does not 

remove background completely since nonresonant background also changes over sample 

positions. If we do the data process for ( ) ( )ωω NRSSD −= , where ( )ωS  is the 

measured 4 % methanol CARS signal and ( )ωNRS  is the scaled water signal that serves 

as the nonresonant signal at all the corresponding frequency, the result is shown in the 

bottom trace of Figure 6.3a. The similar spectral shape with the normalized one is 

observed and the zero background is obtained as well. Note that the background is almost 

at the zero level. We apply this procedure to the high, low and in-between concentrations 

to demonstrate that the linear concentration dependence is still maintained even though 

the spectral shape is different, especially for the high frequency part, as one can see in 

Figure 6.3b. The linear concentration dependence of the processed signals for 2840 cm-1 

peak of methanol is presented which confirms that our data process works for all the 

concentrations of methanol. Compared to the raw CARS signals, the quasi-linear 

dependence is obtained and the nonresoant signal is also removed as well.                   
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Figure 6.3:  (a) (top) spectral focusing CARS spectral of 4 % MeOH solution shown in 
black while water in grey; (middle) the normalized spectrum of 4 % MeOH 
solution with water; (bottom) the processed signals of 4 % MeOH solution 
(b) the background subtraction for pure, 40 %, and 4 % MeOH solution, 
from top to bottom, respectively. (c) the concentration dependence of the 
processed signals at various concentrations of MeOH solutions. The signals 
are obtained at the peak of 2840 cm-1. The x-axis is shown with the log unit 
of the MeOH concentration. 

In order to demonstrate the quantitatively analytical capability of our method, we 

attempt to extract the sample concentration from the mixture. For the mixture of 

methanol and dimethyl sulfoxide (DMSO), the concentration of DMSO is fixed at 1 M, 

and we vary the concentration of MeOH. The CARS spectrum of pure DMSO shares the 

same peak with that of MeOH at the 2930 cm-1, with additional distinct peak at 3000 cm-1 

(data not shown). Figure 6.4a shows three processed CARS spectra of the representative 

mixture concentrations. As the concentration of MeOH decreases, the intensity of the 

peak at 2840 cm-1 is decreasing as well. We use the intensity of the peak 2836 cm-1 of 1 

M MeOH solution and 2920 cm-1 peak of 4 M DMSO solution as the known standard 

concentration to extract the concentrations for MeOH and DMSO, separately, as shown 

in Figure 6.4b. It shows that the extracted concentrations match well with the real ones.           
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Figure 6.4:  (a) (top) spectral focusing CARS spectral of 4 M MeOH / 1M DMSO; 
(middle) 2 M MeOH / 1M DMSO; (bottom) 1 M MeOH / 1M DMSO (b) 
the extracted concentration from the processed signals and the real 
concentration plot. X axis is the real concentration for MeOH (square) and 
DMSO (triangle); y axis is the extracted concentrations  

6.3.3 Chemical Imaging with Multi-Frequency CARS Microscopy   

We also apply the previous signal process method to imaging. As we mentioned 

earlier, it is time-consuming to obtain hyperspectral images, which is ideal in terms of 

chemical information. In biological imaging applications, however, imaging speed and 

sensitivity are also very important. Hence, we perform the CARS imaging at a few 

characteristic vibrational frequencies to fulfill our background subtraction method. In 

other words, we do the imaging at multi-frequency and processed the signals at each 

pixel of the image. In terms of background subtraction, we need at least two reference 

frequencies (2700 and 3100 cm-1 are selected in our case) to have our background line at 

the same level to fit into the curve calibrated by water. For the species of interest, we can 

choose the distinct vibrationally resonant frequency to distinguish them. Due to the rapid 

frequency changing of spectral focusing mechanism, the images obtained at several 

frequencies can be done reliably.  
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For example, the CARS image of lens paper’s fiber inside water is shown in 

Figure 6.5. We can take the images at 2700 and 3100 cm-1 for the nonresonant signals 

calculation whereas the on-resonance image for fiber can be constructed at the frequency 

of 2890 cm-1. Figures 6.5a and b show one of the off-resonance images of fiber (obtained 

at 2700cm-1) and on-resonance image (obtained at 2890 cm-1), respectively. As one can 

see the corresponding intensity profiles along the sample lines indicated in the CARS 

images of on- and off-resonances, the nonresonant signal from the fiber itself is not small 

compared to that of resonant signal. After the nonresonant signals subtraction, the 

processed image is shown in Figure 6.5c. Note that nonresonant background is 

completely removed and only the resonant signals from the fiber remain. We have a 

much better contrast in Figure 6.5c than the normal CARS images (Figure 6.5b).  

 

 

Figure 6.5:  raw CARS images of a fiber in water constructed via (a) off-resonance, 
2700 cm-1;(b) on-resonance, 2890 cm-1. (c) the processed image based on 
the information from the images constructed at 2700, 2890, and 3100 cm-1.   
All the intensity profiles are corresponding to the intensity along the line 
indicated in the images. Note that y axis is shown in the voltages after 
processed.   
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To check the complete elimination of the nonresonant background in our method, 

we test glass beads which are free from any resonant vibrations in this frequency range. 

In the case of glass beads, we choose 2700 and 3100 cm-1 peak as the references to fit the 

calibration curve obtained from water and perform the imaging at the peak of 2850 cm-1. 

Figures 6.6a and b show the raw CARS images of beads in water at the 2700 and 2850 

cm-1, respectively. Both images have very similar contrast as seen in the corresponding 

intensity profiles. Moreover, the )3(χ  discontinuity effect can be seen at the images. 

Figure 6.6c presents the processed image at 2850 cm-1, which virtually shows no 

vibrational signal. It is confirmed by the intensity profile with the background-free 

vibrational contrast. Note that the )3(χ  discontinuity effect is removed by this unique 

scheme proposed.  

 

 

Figure 6.6:  CARS images of glass beads in water acquired at (a) 2700 cm-1;(b) 2850 
cm-1. (c) the multi-frequency subtraction image based on the information 
from the images constructed at 2700, 2850, and 3100 cm-1. All the intensity 
profiles are corresponding to the intensity along the line indicated in the 
images. Note that in (c) zero background is shown.   
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In a sense, we do the spectral imaging at a few frequency points and remove the 

unwanted background from each pixel of the images assuming that the nonresonant 

spectral shape is identical to that of water. Moreover, in this proposed scheme, the 

intensity is quasi-linearly proportional to the concentration of species. Because of these 

unique properties, we can apply this method to quantitative tissue imaging. Accompanied 

by the color encoding, it is easy to see the chemical distributions of the different species.  

6.3.4 Multi-Frequency CARS Microscopy of Animal Tissues  

We use our multi-frequency CARS microscopy method to image animal tissue 

samples. Since the CARS spectral information of lipid and protein are overlapped in the 

CH stretching, separation of them in vibrtaional imaging become difficult. Besides the 

overlapped vibrational frequencies, the signal intensity of protein is a lot smaller than that 

of lipid. This is the reason why protein is invisible in most CARS raw images at 2850 cm-

1 . Although the lipid and protein share the similar vibrational resonances, their spectral 

shapes are still different due to the different molecular structures. The ratio between 

symmetric CH stretching mode of CH2 group near 2850 cm-1 and that of CH3 group 

around 2930 cm-1 is different between lipid and protein. We carry out the ratio-metric 

imaging based on these two distinct vibrational frequencies to identify the lipids and 

proteins of the tissue samples.  

Experimentally, the spectral shape of water is measured as a reference and the 

intensity of each pixel of the images at 2700 and 3100 cm-1 are used as the zero-

background points. Two more images are obtained at 2850 and 2930 cm-1 to distinguish 

lipids and proteins. After background subtraction, Figure 6.7a and b demonstrate the 

sectioned mouse ear skin at 2850 and 2930 cm-1. The contrast of Figure 6.7a mainly 

comes from the lipid-like components. However, there is a trace from other species such 
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as proteins that is barely noticed. On the other hand, the contrast of protein-like species is 

enhanced in Figure 6.7b, but that of lipid components still dominates in the image of 

2930 cm-1. If we assign the red channel for processed image at 2850 cm-1 while green 

channel for 2930 cm-1, a color image can be constructed as shown in Figure 6.7c. The 

distribution map of molecular species can be observed with different colors and 

intensities similar to the staining technique in histology.  

 

 

Figure 6.7:  Multi-frequency CARS images of the mouse ear skin at (a) 2850 cm-1;(b) 
2930 cm-1. (c) the generated two-color image based on the information from 
the images (a) and (b). (d) the corresponding microspectroscopy of six 
different parts of the skin in (c): a:stratum corneum, b: sebaceous gland cell, 
c: hair d: collagen fibers, e: fibroblast cells, f: water. The scale bar is 50um. 
And pixel dwell time is 50 μs.  

To verify the results, we also perform microspectroscopy to measure the CARS 

spectra at various sample positions as shown in Figure 6.7d. We divide them into two 

groups, lipid- and protein-like species. In the left panel of Figure 6.7d, the CARS spectra 
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of stratum corneum and sebaceous gland are shown, which are very similar to that of 

oleic acid. (data not shown). The right panel shows CARS spectra from protein-like 

species such as fibroblast cells, collagen fibers and hair. They have different spectral 

shapes. The water area (f) in Figure 6.7d shows no noticeable signal, verifying our ability 

to remove nonresonant background. Note that most proteins have significantly lower 

signals than lipid. They fall in the heterodyne regime and the intensity is linearly 

proportional to the concentration of species. Consequently, the color of the image 

indicates the ratio between CH2 and CH3 groups whereas the brightness means the 

intensity difference for the different species. We tried to quantify the concentration of the 

lipid and protein inside the tissue which is important topic in biological systems. 

However, there is no standard for the lipid and protein components due to the 

complicated constituents in the tissue. We can obtain quantitative chemical maps of 

multiple molecular components having the same vibrational resonant frequencies but 

different relative peak intensities instead. 

6.3.5 Label-Free Molecular CARS Histology 

The aforementioned scheme of ratio-color CARS technique is demonstrated with 

the skin tissue from a mouse ear. Figures 6.8a to d are the ratio-color CARS images of 

skin scanned from the surface toward epidermis. At the skin surface, a bright polygonal 

pattern outlines the corneocytes of the stratum corneum due to the presents of the 

intracellular “mortar” that holds the many surface corneocytes together. This intracellular 

material is rich in lipids, ceramides, and cholesterol and gives rise to a strong CARS 

signal as shown in Figure 6.8a and zoom-in imaging in Figure 6.8b. If we scan deeper in 

the skin as shown in Figure 6.8c, the keratinocytes are observed. The flat dying 

keratinocytes precede the surface plates of keratin. There are several hairs on the skin 
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surface in Figure 6.8a. The surface pattern of cuticular scales on hair shaft is particularly 

visible which arises from the highly organized keratin signals. Figure 6.8d is the 

magnified image of a hair with an inner medulla and an outer cortex. A strong signal 

from the keratin-rich cortex is observed. Packed polyhedral cells are discerned, and some 

lipids are present inside the medulla.  

 

 

Figure 6.8:  Multi-frequency color CARS images of the mouse ear skin at (a) mouse ear 
skin surface (b) the zoom-in area of stratum corneum (c) the keratinocytes 
layer (d) the zoom-in image of the mouse hair neum (e) the horizontal 
section of the mouse skin with hair, epidermis, and dermis (f) sebaceous 
glands and collagen fibers (g) boold vessels and collagens (h) adipocytes 
and connective tissues. The scale bar is 30um if not indicated. And pixel 
dwell time is 50 μs. 

Figures 6.8e to h show the different parts of the horizontally sectioned mouse ear 

skin. Figure 6.8e presents the strong contrast from hair mostly composed of keratin fiber 

while that from very thin stratum corneum with some content of lipids resulting in orange 

color in the image. Also, the collagen fibers are indicated as green color in Figures 6.8e 
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to h with different morphological structures. Multicellular sebaceous glands appear 

around 60μm below the skin surface as shown in Figure 6.8f. These glands are packed 

with micrometer-sized granules of sebum, a compound rich in triglycerides and wax 

esters. The nuclei of the sebum-producing cells can be recognized as dark holes. There 

are a bundle of blood vessels shown in Figure 6.8g as red color originated from lipid 

membranes of vessel walls. At depths of 100μm, large adipocytes are clearly visible in 

the subcutaneous layer (Figure 6.8h). The high amount of fat inside the adipose tissue 

yields strong CARS signal resulting the brightness of the adipocytes in CARS image. 

Note that the bright yellow color in the CARS images is due to the color saturation. In 

order to enhance the contrast from the collagen in the images, we lower down the color 

scale.  

The ratio-color CARS microscopy works not only for the mouse skin composed 

of a lot of lipid and protein, but also for the visualization of the microstructure of other 

excised mouse tissues such as lungs and kidneys. Figures 6.9a to c show the vein, aorta, 

and artery near the heart of mouse, respectively. Figures 6.9a and b are the cross-

sectioned vessels for the vein and aorta. The vein has some elastic fibers inside and lipid 

contained in vessel membranes whereas the aorta has elastin fibers inside and collagen 

fibers outside with different morphological structures. Moreover, the structure of collagen 

fibers is different from those of the surface of artery vessel in Figure 6.9c. The 

micrograph of small intestine shows the villi and some connective tissues. Epithelial cells 

inside the villi show green like color. Lung tissue is primarily composed of small air sacs 

(alveoli) that are surrounded with a lipid-rich surfactant. Figures 6.9e shows the air sacs 

in black color, numerous surfactant cells in orange color and some connective tissue in 

green color as well. Tissue of the kidney with low lipid and protein content give the same 

results for the renal tubules in Figure 6.9f. Many rounded nuclei of tubules’ epithelial 
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cells compose the tubule walls. Figure 6.9g is the CARS image of the diaphragm of the 

mouse, which is an internal muscle sheet that extends across the bottom of the rib cage. 

The domains of muscle tissue are clearly visible as green color due to the certain content 

of structure proteins accompanied by lipid-related structures.  

 

 

Figure 6.9:  Multi-frequency color CARS images of various tissue ex vivo (a)-(c) the 
vein, the aorta and artery around the heart of the mouse, repetitively (d) 
sectioned tissue of the small intestine of mouse; villi connective tissue and 
epithelial cells are seen (e) microscopy of mouse lung tissue, showing the 
individual alveoli and lipid-rich surfactant cells (f) color image of sectioned 
mouse kidney tissue showing tubule walls with epithelial cells (g) the image 
of mouse diaphragm showing the muscle tissue and lipid content (h) the 
color micrograph of HeLa cells showing nuclei and lipid droplets. The scale 
bar is 30um if not indicated. And pixel dwell time is 50 μs. 

Since tissue samples are good scatterers, a strong CARS signals are expected. 

Although, for individual cells have much smaller CARS signals than tissues, our color 

generated scheme is still attainable as shown in the image of HeLa cells of Figure 6.9h. 

The nuclei of the HeLa cells are seen with several nucleoli inside. The nuclear envelope 
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separates nucleus and cytoplasm. Note that Figure 6.9h shows a lot of lipid droplets 

surrounding the nucleus. 

6.4 CONCLUSIONS 

Here, we provide a simple and informative approach to remove nonresonant 

background and obtain spectral CARS images via spectral focusing mechanism. This 

rapid vibrational frequency scanning is accomplished by varying the temporal delay 

between the pump and Stokes pulses. Hence, we can fulfill our background subtraction 

scheme. The contrast of the images is free from the nonresonant background and 

quantitative CARS images can be obtained. By ratio-metric spectral imaging, CARS 

image is sensitive not only to the lipids but also to the proteins. The key step is to create a 

color-coded image from the spectral information at several characteristic vibrational 

frequencies, converting spectral information into a color code that is representative of the 

chemical species. The resulting color maps of various tissues demonstrate the promise of 

multi-frequency CARS imaging in biomedical applications such as the cancer tissue 

diagnosis pathology.22,23              
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Chapter 7:  Stimulated Raman Scattering Microscopy with Chirped 
Broadband Pulses  

 

7.1 INTRODUCTION 

With the development of picosecond and femtosecond pulsed laser, there has been 

great progress in multiphoton microscopy techniques for the visualization of local 

samples in 3-D such as two-photon-excited fluorescence (TPEF)1, second-harmonic 

generation (SHG)2, coherent-anti-Stokes Raman scattering (CARS)3,4, and stimulated 

Raman scattering (SRS)5,6. In particular, coherent Raman microscopy (CRM) can provide 

label-free chemical image capability based on intrinsic vibrational contrast. Although 

coherent anti-Stokes Raman scattering (CARS)3,4 microscopy has shown a lot of 

applications in the biological samples, the presence of the non-resonant background 

deteriorates the resonant CARS signals of interest7. Various methods have been 

developed to suppress nonresonant background such as frequency modulation and 

spectral interferometry methods8. Recently, several groups have demonstrated stimulated 

Raman scattering (SRS) microscopy to avoid this difficulty inherent to CARS 

microscopy. Due to the lack of nonresonant background, SRS spectra are identical to 

those of Raman scattering.5,9,10 SRS occurs when the frequency difference of two-color 

laser pulses (pump and Stokes) matches the sample vibrational frequency. There is an 

energy transfer between these two pulses resulting in the attenuation of the pump beam 

(stimulated Raman loss, SRL) and gain in the Stokes beam (stimulated Raman gain, 

SRG)11. This small intensity change of the excitation beam is the detected signal in SRS. 

This signal has to be measured over excitation laser pulse, which is typically 4-6 orders 

of magnitude stronger than SRS signals. A high-frequency phase-sensitive detection 
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scheme is previously used to remove the laser noise and retrieve the small intensity 

modulation.5,6 In CRM applications, the most successful technique is the one that 

employs synchronized picosecond pulses of two colors from one optical parametric 

oscillators (OPO). This configuration of CRM microscopy has proven to have the good 

signal and spectral resolution.3,5,6 

To avoid the sophisticated laser systems, we and other groups already showed that 

a chirped broadband pulse from a single Ti:sapphire laser as a light source to generate 

CARS signals via spectra focusing method12-14. Temporal overlapping of the broadband 

pump and Stokes pulses with identical group velocity dispersion (GVD, linear chirp) 

creates the beat frequency. The beat frequency can be matched to the vibrational mode of 

molecules by appropriate time delay between these two pulses. By the proper amount of 

GVD, the spectral width of this beat frequency can be narrowed to match the Raman line 

width. In this demonstration, a single broadband laser and simple passive optical 

components are used to address the feasibility of the SRS microspectroscopy and 

microscopy via spectra focusing mechanism over the 800~1600cm-1 with spectral 

resolution of 20 cm-1. 

 

7.2 EXPERIMENTAL SECTION 

To demonstrate the feasibility of SRS microscopy based on spectral focusing 

mechanism, we have set up a SRS microscope. The experimental setup used in this work 

is shown in Figure 7.1.12 A single broadband pulses from a cavity dumping Ti-sapphire 

(Cascade, KM lasers) is used to generate SRS signals. To have the maximum excitation 

profile in the fingerprint region (800 ~ 1800 cm-1), the laser is tuned as shown in the inset 

of Figure 7.1. The laser beam is split by a dichroic mirror (810 ALP, Omega Optical) and 
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the pulses in each arm serve as the pump and Stokes ones. The pump beam is modulated 

with a Pockels cell (ConOptics, 350-160) at 100 kHz which is synchronized to the laser 

pulse train. On the Stokes arm, a 4.3 cm SF57 glass rod (Casix) is inserted to match the 

GVD of the pump and the time delay between pump and Stokes pulse is controlled by the 

DC motor (PI, M.405-CG). Pump and Stokes are recombined by the dichroic mirror (810 

ALP, Omega Optical) and propagate collinearly afterward. Wavelength components 

shorter than 740 nm are removed by a sharp-edge long wavelength pass filter (740 ALP, 

Omega Optical), and the laser beam is focused into the sample and the SRS signals are 

collected by 1.2 NA and 1.0 NA. water immersion objectives (Olympus), respectively. 

The SRS image and spectra are performed with the pump and Stokes powers of 12 and 11 

mW and detected with a photodiode (Thorlabs, DET 100A) as a signal channel after a 

sharp edge long wavelength pass filter (810 ALP, Omega Optical).  

 

 

Figure 7.1:  Experimental setup: ALP, 810nm long wavelength pass filter; G,SF 57 glass; 
PC, Pockels cell; F1, 740 nm long wavelength  pass filter; SM, scanning 
mirror; L1, scan lens; L2, tube lens; OL, microscope objective lens; S, sample; 
F2, 710nm short-wave pass filter; PD, photodiode; Divider, AD 734 chip; 
Lock-in, lock-in amplifier 
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In order to remove the laser fluctuation noise, a balanced detection technique is 

used, where a small portion of the Stokes beam is used as reference. The reference laser 

beam is measured by the other photodiode (Thorlabs, DET 100A). Both signal and 

reference channels are sent into a home-made divider circuit (AD 734), where the 

photocurrent are converted to voltages, amplified, and given an offset controlled by the 

different resistors. The output of the divider is coupled with a lock-in amplifier (SRS, 

SR830) which is phase-locked to the Pockels cell. Note that we tried to match the 

distance of the reference beam path to that of the original beam. 

 

 

Figure 7.2: (a) SRG spectrum of toluene at 1ms time constant. The entire spectrum is 
obtained in 0.75 s. The intensity changeΔIs/Is is shown in the y axis. (b) 
Spontaneous Raman spectrum of toluene with the exposure time of 1 s. 
There are 2.4 electrons per count in the intensity axis.  

 

7.3 RESULTS 

Figure 7.2 shows the measured spectra focusing SRG spectrum of toluene taken 

in 0.75 s with the lock-in amplifier time constant of 1 ms. The entire vibrational spectrum 

in real time is obtained by the fast scanning of the Stokes pulse delay with respect to 

pump pulse over 800 ~1500 cm-1. By converting the time delay into the frequencies, the 
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SRG spectrum is constructed. Unlike the CARS spectrum, SRS signal does not have 

electronic background and its spectral shape is identical to that of spontaneous Raman. 

Figure 7.2 a and b show SRG and Raman spectra from toluene, confirming the identical 

spectral response. Raman spectra is measured by the same microscope with a homemade 

confocal Raman set-up that consists of a 785 nm continuous wave laser and a 

spectrameter (Holospec f/1.8, Kaiser Optical system) coupled with a cooled CCD (iDus 

DU420A, Andor).  All the major characteristic Raman peaks are observed in the SRG 

spectrum without noticeable background. The spectral resolution is ~ 20 cm-1 measured 

by the full width at the half-maximum of the 1002 cm-1 peak of toluene. This is optimized 

by matching the GVD of pump and Stokes pulses. One can see the neighboring peaks at 

1002 and 1027 cm-1 of toluene resolved in our SRG spectrum with ΔIs/Is ~ 10-3.  

To demonstrate the imaging capability of our SRS microscopy, we choose lens 

paper composed of cellulose fibers. Figure 7.3a shows the chemical image of fiber inside 

water. Each SRG image is constructed with 300 x 300 pixels and the pixel dwell time is 1 

ms. The vibrational frequency of 1100 and 1300 cm-1 are chosen from Figure 7.3 a and b, 

respectively. One can clearly see that the fiber trace is distinguished on the resonant 

frequency. (Figure 7.3a) The off-resonance 1300 cm-1 image shows almost no contrast 

compared to that of the resonant one. The microspectroscopy of fiber shows distinct peak 

at 1100 cm-1 with the SRG signal of ~10-4 as shown in Figure 7.3c. The 1100 cm-1 peak 

originates from the stretching vibrations of C-O-C linkage of cellulose. Spontaneous 

Raman spectrum is also shown in Figure 7.3d. The results of spectrum and images 

demonstrate the advantages of no background SRS microscopy; and Raman-equivalent 

signals of SRS microscopy. Note that all the chemical contrast is dramatically reduced if 

the imaging frequency is tuned from the resonance by 10 cm-1 (data not shown). This is 
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due to the high spectral resolution of our spectra focusing SRS microscopy similar to the 

Raman spectra resolution of Figure 7.3d. 

 

 

Figure 7.3:  SRS images constructed at the vibrational resonance at 1100 cm-1 (a) and 
off-resonance at 1300 cm-1 (b), respectively. The images have 300x300 
pixels and the dwell time is 1 ms. These two images have the same intensity 
scale and the scale bar is 25 μm. (c) the SRG microspectroscopy of fiber 
indicated by the black circle in (a). The spectrum is obtained in 0.75 s with 
the time constant of 1 ms. And ΔIs/Is is ~ 3x10-4 for the fiber. (d) Raman 
spectrum of fiber taken in 1 s. 
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7.4 DISCUSSIONS 

Femtosecond stimulated Raman spectroscopy (FSRS) has demonstrated 

advantage of its high sensitivity over spontaneous Raman in bulk experiments15. Later, 

Ploetz et al  combined the FSRS and optical microscopy using amplifier femtosecond  

laser system.16 However, the use of femtosecond pulse (~150 fs) poses serious nonlinear 

photo-damage problem resulting in the difficulty of microscopy applications. Instead of 

femtosecond pulse duration, we present an approach with similar intensity flux, 10 nJ at 2 

MHz at the focal spot with the diameter of 1μm, with picosecond pulse (~ 1.5 ps). We 

show much better signal sensitivity and spatial resolution due to the high nonlinearity 

from the tight focusing effect (high NA focusing lens is used). Additionally, we use the 

electronic circuit to cancel the laser fluctuation by dividing the SRS signal with reference 

laser. The laser fluctuation noise is the major issue in achieving high SRS signal 

sensitivity. The benefit of spectral focusing SRS is rapid frequency switching via time 

delay between the pump and Stokes pair instead of tuning the laser cavity or crystal 

temperature. By eliminating any laser configuration changes, we reduce laser cavity 

fluctuation. However, we experimentally found that our laser noise occurs near our 

modulation frequency (100 kHz) probably because of cavity-dumping operation used in 

the Ti:sapphire laser system. We perform noise characterization measurements to find 

that our experimental noise (~10-5) is one order of magnitude larger than theoretical shot 

noise level.17 This is mainly due to the noise coming from the divider circuit and the laser 

noise. Note that there is one order of magnitude enhancement of SRG signals compared 

to that obtained without the presence of divider. Most biomedical applications of SRS 

microscopy have been demonstrated at C-H stretching region around 3000 cm-1 peak in 

the lipid samples due to its abundance in lipid acyl chains. Note that toluene Raman peak 

at 1008 cm-1 has similar intensity with that of n-hexane at 2886 cm-1.18 Compared to the 
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current performance of the SRS microscopy at CH region (ΔIp/Ip ~ 10-7 at 1 s time 

constant), we are at the regime of one order of magnitude less sensitive owing to the 

presence of noises from laser fluctuation and divider device. 

 

7.5 CONCLUSIONS 

In summary, we demonstrate the feasibility of spectra focusing SRS microscopy 

and microspectroscopy in the fingerprint region. With the high peak power and proper 

pulse duration, the Raman gain has been successfully measured and images are obtained. 

Moreover, the electronic division scheme increases the signal-to-noise ratio by one order 

of magnitude. The SRS spectroscopy and image of toluene and cellulose fiber 

demonstrate identical spectral response to those of spontaneous Raman. With the proper 

amount of GVD and wavelength of laser pulse, this method should work as well in the 

CH stretching region where strong vibrational resonance exist in the biological systems. 
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