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Abstract

Coherent anti-Stokes Raman scattering (CARS) microscopy has developed rapidly

and is opening the door to new types of experiments. This work describes the devel-

opment of new laser sources for CARS microscopy and their use for different appli-

cations. It is specifically focused on multimodal nonlinear optical microscopy—the

simultaneous combination of different imaging techniques. This allows us to address

a diverse range of applications, such as the study of biomaterials, fluid inclusions,

atherosclerosis, hepatitis C infection in cells, and ice formation in cells. For these ap-

plications new laser sources are developed that allow for practical multimodal imaging.

For example, it is shown that using a single Ti:sapphire oscillator with a photonic

crystal fiber, it is possible to develop a versatile multimodal imaging system using

optimally chirped laser pulses. This system can perform simultaneous two photon

excited fluorescence, second harmonic generation, and CARS microscopy. The ver-

satility of the system is further demonstrated by showing that it is possible to probe

different Raman modes using CARS microscopy simply by changing a time delay

between the excitation beams. Using optimally chirped pulses also enables further

simplification of the laser system required by using a single fiber laser combined with

nonlinear optical fibers to perform effective multimodal imaging. While these sources
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are useful for practical multimodal imaging, it is believed that for further improve-

ments in CARS microscopy sensitivity, new excitation schemes are necessary. This

has led to the design of a new, high power, extended cavity oscillator that should

be capable of implementing new excitation schemes for CARS microscopy as well as

other techniques. Our interest in multimodal imaging has led us to other areas of

research as well. For example, a fiber-coupling scheme for signal collection in the for-

ward direction is demonstrated that allows for fluorescence lifetime imaging without

significant temporal distortion. Also highlighted is an imaging artifact that is unique

to CARS microscopy that can alter image interpretation, especially when using multi-

modal imaging. By combining expertise in nonlinear optics, laser development, fiber

optics, and microscopy, we have developed systems and techniques that will be of

benefit for multimodal CARS microscopy.
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This results presented here are the culmination of several different collaborations.

My supervisor, Albert Stolow, is the one collaborator that participated in all of
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Chapter 1

Introduction

Confocal laser scanning microscopy (CLSM) has become an invaluable tool in many

fields, with biological imaging being one of the main uses [1]. Given the range of ap-

plications, many different imaging modalities have been developed. Here we focus on

nonlinear optical (NLO) CLSM, which has grown rapidly since the initial demonstra-

tion of two-photon excited fluorescence (TPEF) microscopy in 1990 [2]. Techniques

such as second harmonic generation (SHG) [3] and third harmonic generation (THG)

[4] have also been successfully demonstrated. TPEF, SHG and THG can provide

contrast without the need for labeling the sample, but they do not offer intrinsi-

cally chemical-specific imaging. Infrared and confocal Raman microscopy do offer

chemical-specific imaging, however, both have drawbacks [5, 6]. Infrared microscopy

has low spatial resolution due to the diffraction limited spot size of the long wave-

lengths used. This is further exacerbated by the difficulty of designing optics for these

wavelengths. Water absorption is also problematic in many samples that are of in-

terest. Raman microscopy does not suffer the same problems as infrared microscopy,

but because of the low efficiency of the process, integration times must be long and
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this limits scan speed. Furthermore, depth profiling and fluorescence background sup-

pression can be difficult to achieve in Raman microscopy [6]. Coherent anti-Stokes

Raman Scattering (CARS) microscopy is a NLO version of Raman microscopy and

offers label-free, chemical-specific imaging while overcoming some of the drawbacks

of Raman microscopy. CARS microscopy does suffer its own set of challenges, with

the most prominent being the nonresonant background (see chapter 2 for discussion).

While CARS microscopy had been previously demonstrated [7], it was the work of

the Xie group [8] using ultrafast, near-infrared lasers that heralded the rapid rise of

CARS microscopy over the last decade. To fully appreciate the intricacies and chal-

lenges facing CARS microscopy, a basic understanding of CLSM and nonlinear optics

(NLO) is beneficial and a brief introduction is provided here. A full discussion of the

development of CARS microscopy will be presented in chapter 2.

1.1 Confocal Laser Scanning Microscopy

The basic concept of confocal microscopy (without using a laser) was introduced by

Minksy in 1957. It was not until the 1980s, however, that the technique was widely

adopted [1]. The primary difference between a confocal system and other types of

microscopes is the use of point illumination and the addition of a confocal pinhole.

This pinhole is placed in an optically conjugate plane and eliminates out-of-focus

light. A simplified representation of a basic confocal system is shown in Fig. 1.1. Only

light from the focal plane of interest can pass through the pinhole, thus eliminating

the considerable background signal from out-of-focus light that can be present if the

pinhole is not used.

The initial demonstration of confocal microscopy used a translation stage to move
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Figure 1.1: A demonstration of 3D sectioning using a confocal pinhole. Only light
from the focus (the green lines) can pass through the pinhole to a detector.

Figure 1.2: The basics of a CLSM. Note that here the rays are individual beams at
different instances of time. The galvanometers (galvos) impart an angular displace-
ment to the beam. The scan lens and tube lens magnify the beam and ensure that
all beams enter the back aperture of the objective. The dichroic mirror selects the
“descanned” fluorescence collected through the system and sends in to a detector.

the sample relative to the laser spot but most modern systems have replaced stage

scanning with laser scanning. The basic optical layout of a laser scanning microscope

is outlined in Fig. 1.2. In such a system, a collimated laser enters the system and

passes through a dichroic mirror. Computer-controlled galvanometers move mirrors

which alter the path of the beam. The beam then passes through the scan lens and

tube lens which magnify the beam to fill the back aperture of the objective. At this

point, the beam is collimated but enters the objective at a different angle depending

on the setting of the galvanometer driven mirrors. This angle translates to a change in

position at the focal plane. The signal (for example, fluorescence) is collected along

the same path, but is reflected by the dichroic mirror. The signal beams from all



CHAPTER 1. INTRODUCTION 4

points in the sample travel the same path because they have been “descanned” after

passing through the galvanometer-driven mirrors a second time. After descanning,

many different detectors can be used; for example a confocal pinhole followed by a

photomultiplier tube (PMT). While this has the benefit of eliminating some scattered

room light, more importantly, only light coming from the focal plane of the objective

will pass through the pinhole. This allows “optical sectioning” because only light from

a single point will be collected and the focus can be scanned in 3D to construct an

image of the object under observation. The spatial resolution of the system is largely

determined by the wavelength used and the numerical aperture (NA) of the objective.

The NA of an objective is defined in terms of the half angle of light accepted (see

Fig. 1.3) and the index of refraction of the medium through which the light passes

[1]:

NAobj = nmed sin θ (1.1)

where nmed is the index of refraction of the medium in which the sample is present

and θ is the half-angle of the cone of accepted light.

Figure 1.3: Definition of the half-angle θ to define the numerical aperture of a lens.

The NA of the objective determines the lateral (in the plane) and axial (along the

direction of propagation) resolution of the microscope [1].
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rlateral =
0.61λo

NAobj

(1.2a)

raxial =
2λonmed

NA2
obj

(1.2b)

where λo is the wavelength of the excitation light in vacuum. For high resolution

microscopy, this limits the spatial resolution to ∼ λ/2 in the lateral direction and

∼ λ in the axial direction. These limits on resolution are for linear optical processes.

If nonlinear optical processes are used, some of the conditions listed above can be

relaxed, for example optical sectioning is possible without a confocal pinhole and

spatial resolution can exceed the diffraction limit.

1.2 Nonlinear Optics

Only the most basic terminology of NLO will be covered here, as there are many

sources available for more in depth study [9, 10]. The simplest definition of NLO is

when a the response of a material system scales nonlinearly with the applied electric

(i.e. optical) field. In most practical settings, these effects can only be observed using

lasers (with the electrooptic effect being a notable exception [9]). The nonlinear

response of matter can be intuitively understood if we consider the response of a

molecule to an optical field. For a weak electric field, the electrons respond to the

incoming field and follow the oscillations of the field (the nucleus is stationary in this

picture). If the field strength increases, the electrons move further from equilibrium

and no longer follow the incoming field. This leads to an anharmonic response which

corresponds to new frequency components in the system which give rise to a nonlinear

response [9]. This behaviour is captured in the classic equation of NLO:
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P⃗ (t) = χ(1)E⃗(t) + χ(2)E⃗(t)2 + χ(3)E⃗(t)3 + . . . (1.3)

where the tensor nature of χ(n) has been ignored for the time being. The linear

susceptibility, χ(1), is that of traditional linear optics and characterizes the index of

refraction and linear absorption. The second order optical susceptibility χ(2) is the

lowest order nonlinear term. It is non-zero only in noncentrosymmetric media and is

responsible for SHG and sum frequency generation (SFG) (and other processes which

are not relevant here). All other processes relevant to this work are governed by χ(3)

and these include: Raman scattering, CARS, THG, stimulated Raman scattering

(SRS), two-photon absorption (TPA) and self-focussing. Nonlinear processes can be

represented by energy level diagrams and some of the relevant processes are illustrated

in Fig. 1.4.

Figure 1.4: Energy level diagrams of different NLO processes. Dashed lines are virtual
levels, solid lines are real levels.

Looking at Fig. 1.4, SHG and THG (as well as CARS) are parametric processes

(the initial and final quantum state are the same) and these are well described by

using optical susceptibilities. Nonparametric processes, where the initial and final

state of the system are not the same, can be described using the language of optical
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susceptibilities as well, but often are not. Nonparametric optical processes include

Raman scattering, SRS, TPA and TPEF. Regardless of the mathematical description

used, these processes can all be utilized in optical microscopy.

1.2.1 Nonlinear Optical Microscopy

NLO processes offer certain inherent advantages for imaging over linear optical ones

for microscopy. For many types of NLO microscopy, the signal generated will be blue-

shifted relative to the input laser used (as can be seen of all the process in Fig. 1.4).

This allows background signals due to linear fluorescence to be easily spectrally fil-

tered. Note that the signal in SRS is not blue-shifted but it appears as a modification

of one of the input beams. A second advantage is that longer wavelength sources can

be used to probe the system. These wavelengths scatter less and suffer less absorption

than visible wavelength sources (water absorption limits the maximum wavelength

that can be used). This allows for deeper penetration into highly scattering samples

like tissue [1]. Because NLO effects are only appreciable when the light intensity is

high, signals are only generated from the focus and this provides a natural optical

sectioning capability without the need for a confocal pinhole. This makes alignment

easier and allows for modifications to the microscope which would be more difficult in

the linear case (see chapter 4 for an example). Because excitation is confined only to

the focus, photobleaching of out-of-focus fluorophores is reduced in multiphoton ex-

periments. This also reduces negative side effects in the sample such as phototoxicity

(damage caused by light) and photochemistry (generation of new chemicals during

interaction with light). It is worth noting that the necessity of high intensities means

that the signal can be generated from a sub-diffraction limited spot (
√
2 smaller for
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two-photon processes,
√
3 for three-photon). A common misconception is that NLO

microscopy offers superior spatial resolution to linear optical processes, however, this

has been shown to be an erroneous conclusion [11]. This can be best understood by

comparing linear and TPEF of the same dye. For TPEF, the excitation beam will

be double the wavelength of the linear excitation and hence the diffraction limited

spot will be twice the size of the linear case. This means that the effective lateral

resolution is actually
√
2 larger for TPEF. The axial resolution is similarly degraded

[11].

One disadvantage of NLO microscopy is that in some samples, photodamage is

also a nonlinear process [12]. This can present challenges in choosing the right laser

source. A second disadvantage is that the laser source used is considerably more

complex and expensive than those required for linear optical microscopy. However,

ultrashort pulsed laser systems are evolving rapidly, particularly in the field of fiber

lasers. The lasers required for NLO microscopy should become as simple as those for

linear microscopy. During this developmental phase, NLO microscopy will continue

to play an important role in many areas.

1.3 Organization of Thesis

An overview of CARS microscopy will be presented in chapter 2. Chapter 3 de-

scribes the multimodal optimally-chirped CARS microscopy system that we devel-

oped. Chapter 4 will discuss the modifications to this system that allow it to be used

for simultaneous fluorescence lifetime microscopy (FLIM) and CARS (these mod-

ifications are applicable to nearly any CARS microscope). Our efforts at further

simplifying the laser source for CARS using all-fiber components for light generation
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will be described in chapter 5. CARS suffers from several different imaging artifacts.

In chapter 6, one such image artifact is demonstrated and found to be caused by

the Gouy phase shift. The motivation for, design of, and partial implementation

of a long-cavity, low-repetition-rate, high-pulse-energy oscillator will be described in

chapter 7. Chapter 8 describes some of the applications in biomaterials, geosciences,

and biomedical research to which we have applied CARS microscopy. Chapter 9 con-

cludes and outlines possible future directions. As a note, all images in this work use

linear scaling for the colour contrast.



Chapter 2

Background

What would come to be known as CARS was first demonstrated in 1965 by Maker and

Terhune [13] and was initially used for spectroscopy. As new types of tunable lasers

became available, CARS and other coherent Raman spectroscopies experienced rapid

growth, culminating in many different techniques becoming available by the 1970s [14,

15]. The main advantage of these coherent techniques is that they can offer stronger

signals compared to spontaneous Raman scattering. Translating coherent Raman

techniques to microscopy was not straightforward, although, some early attempts

were made [7]. The primary limiting factor was that only visible tunable lasers

were available and these generated significant fluorescence in biological samples [7].

Furthermore, the lasers at the time were extremely noisy by today’s standards. It was

not until CARS microscopy was rediscovered by the Xie group, using near infrared

lasers, that significant advances were possible [8]. Many of the advances in CARS

microscopy have their roots in the work done in CARS spectroscopy; however, the

microscopic environment also presents unique challenges and opportunities.

10
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2.1 CARS microscopy basics

CARS and other coherent Raman techniques are governed by the third order opti-

cal susceptibility, χ(3). If we use monochromatic plane waves a general third order

nonlinear polarization may be written as [14]:

P
(3)
i (ω4, z, t) =

6

8
χ
(3)
ijkl(−ω4, ω1,−ω2, ω3)Ej(ω1, z)E

∗
k(ω2, z)El(ω3, z)e

−i[ω4t−(kj−kk+kl)z]

(2.1)

where i, j, k, l = x, y, z and all three electric fields, E, can have different frequencies,

ω. χ
(3)
ijkl is the third order nonlinear susceptibility. The wave vectors are defined:

|kp| =
npωp

c
(2.2)

where np is the index of refraction at the frequency ωp and c is the speed of light.

For the simplest form of CARS microscopy, the “pump” and “probe” beams (ω1 and

ω3) are degenerate (same frequency) and both the pump and “Stokes” beams are

polarized along the same direction. In this case, we suppress the tensorial nature of

χ(3) and for an isolated Raman mode it can be written as [16]:

χ(3)(−ωas, ωp,−ωs, ωp) = χ
(3)
NR +

A

ΩR − (ωp − ωs)− iΓ
(2.3)

where the different frequencies have been relabeled to correspond to the more com-

mon nomenclature (as=anti-Stokes, p=pump and s=Stokes). ΩR corresponds to a

vibrational Raman frequency of the system and χ
(3)
NR is a nonresonant contribution.



CHAPTER 2. BACKGROUND 12

A is a scale factor and 2Γ is the linewidth of the Raman mode. The nonresonant con-

tribution is due to off resonant vibrational and electronic contributions to the third

order susceptibility. The corresponding resonant and nonresonant energy levels are

shown in Fig. 2.1.

Figure 2.1: Energy level diagrams relevant to CARS microscopy. Dashed lines are
virtual levels, solid lines are real levels. (a) Vibrationally resonant CARS, (b) elec-
tronically nonresonant and (c) vibrationally nonresonant contribution. (d) Phase
matching condition for the CARS process.

For CARS spectroscopy, there is also a phase matching condition that must be

satisfied to generate appreciable signal. The phase matching condition is shown in

Fig. 2.1(d) and is mathematically stated as:

|∆⃗k|L ≪ π (2.4a)

∆⃗k = k⃗as − (2k⃗p − k⃗s) (2.4b)

where L is the interaction length.

In spectroscopy, the phase matching condition is normally satisfied using non-

collinear beam paths, as for example in the folded BOXCARS geometry [17]1. The

1In the folded BOXCARS geometry, the three input beams are sent through the sample in different
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first attempts at CARS microscopy made use of this geometry [7]. Modern implemen-

tations of CARS microscopy are instead performed using a tight-focusing collinear

geometry [8] as this has been found to offer better spatial resolution than the BOX-

CARS geometry [18]. The primary reason a collinear geometry can be used is that

the interaction length L is much smaller than the dephasing length ( π

|∆⃗k|
) in CARS

microscopy. This ensures that there is no loss of signal due to destructive interference

caused by phase mismatch. It is worth mentioning that the Gouy phase shift, a π

phase shift that occurs over the Rayleigh length as the beam goes through the focus,

does not greatly impact CARS signal generation in bulk samples [19, 20]. This is in

contrast to THG where the Gouy phase shift restricts signals to submicron scatters

and interfaces [4, 21]. It should be noted that we have recently shown that the Gouy

phase shift does in fact impact image formation in CARS microscopy when looking

at submicron scatters (see chapter 6).

2.1.1 Nonresonant background

In equation 2.3 and in Fig. 2.1 a nonresonant contribution to the generated signal

is indicated. This contribution to the third order susceptibility was recognized as

having a detrimental effect on CARS spectroscopy early on [14] and efforts continue

to address this so that lower concentrations of molecules may be observed [22]. CARS

microscopy is equally affected by the problem of nonresonant background and much of

the initial and continuing effort in the field has been devoted to reducing or eliminating

it. The nonresonant background presents two problems: First, it reduces contrast

directions (to achieve momentum conservation). The anti-Stokes light is emitted in a fourth, separate
direction. The four beams (pump, Stokes, probe, anti-Stokes) make the corners of a box, hence the
name BOXCARS.
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and can prevent the resonant signal from being observed. Second, it reshapes the

measured spectrum which makes quantitative measurements based on the spectral

response challenging since the spectral shape directly depends on the magnitude of

the nonresonant background. The origin of this reshaping can be explained by looking

at how χ
(3)
NR contributes to the generated signal:

ICARS ∝ |P (3)|2 ∝ |χ(3)(−ωas, ωp,−ωs, ωp)|2 (2.5a)

|χ(3)(−ωas, ωp,−ωs, ωp)|2 = |χ(3)
NR|

2 + |χ(3)
R |2 + 2χ

(3)
NRRe(χ

(3)
R ) (2.5b)

In equation 2.5b, χ
(3)
R is used as a shorthand notation for the resonant contribution

to χ(3). The spectral reshaping is easily illustrated using equation 2.5b and is demon-

strated in Fig. 2.2. The real part of χ
(3)
R has a characteristic dispersive lineshape

and the imaginary portion of χ
(3)
R is a Lorentzian (see equation 2.3). The mixing

component of the signal, 2χ
(3)
NRRe(χ

(3)
R ), causes the CARS spectral response to change

compared to the spontaneous Raman response (note that the spontaneous Raman re-

sponse and SRS are proportional to the imaginary part of χ
(3)
R ). The CARS spectrum

in Fig. 2.2c has been generated using an analytic model using a weak nonresonant

background to illustrate that the spectral reshaping occurs under all conditions. The

peak of the spectrum is shifted from ΩR, the center frequency of the Raman mode.

Depending on the relative strength of the nonresonant and resonant components, the

shape of the spectrum measured will change.
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Figure 2.2: Demonstration of the CARS spectrum generated in the presence of a
nonresonant background. The center frequency of the Raman mode is ΩR. (a) The

real part of χ
(3)
R . (b) The imaginary part of χ

(3)
R . (c) The black line is |χ(3)|2 and the

grey line is χ
(3)
NR. Spectral reshaping has occurred with the peak shifted away from

ΩR. A dip below the baseline is clearly evident.

2.2 The Alphabet of CARS

Addressing the problem of the nonresonant background has led to a plethora of tech-

niques being developed. This, combined with other advances, has led to the devel-

opment of an expanding CARS lexicon. While it would be impossible to highlight

all of the developments, some of the more prominent techniques will be highlighted

here with a brief summary. Techniques that are only mentioned in this section but

not elsewhere in this work have not been included in the list of abbreviations in the

preface.

One of the first attempts at removing the nonresonant background was a technique
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that is unique to microscopy, epi-detected CARS (E-CARS) [23, 24] where there is

a signal emitted in the backward (epi) direction. In the plane wave approximation,

and ignoring dispersion, the forward directed CARS signal is perfectly phase matched

(∆k = 0). There is also the possibility of a backward directed CARS signal that is

not phase matched. In equation 2.6a, the phase matching condition in the backward

direction is presented. Note that in comparison with equation 2.4, the phase matching

length π
∆k

is much smaller since ∆kepi is large. Studying equation 2.6b, we see that

there is only an epi signal if the interaction length is subwavelength.

⃗∆kepi = −k⃗as − 2k⃗p + k⃗s = −2k⃗as = 4nasπ/λas (2.6a)

Lepi ≪
π

∆kepi
=

λas

4nas

(2.6b)

While the focal volume is larger than the phase matching length in the epi direc-

tion, it is possible that the scatterers of the sample fulfill this condition. Because the

nonresonant signal is due to the bulk medium surrounding the subwavelength scat-

ters, this, in principle, allows background free detection of subwavelength scatters.

In practice, many objects of interest are too large for E-CARS to be practical2. Fur-

thermore, in complex scattering samples (e.g. tissue samples), the forward directed

CARS signal is often orders of magnitude stronger than the E-CARS signal and is

rescattered in the backward direction, washing out any “pure” E-CARS signal. This

rescatter, however, can itself be used for imaging and, in fact, is frequently utilized

[25].

It is possible to take advantage of the tensorial nature of χ(3) and use polarization

2There is no E-CARS signal emitted because the object is too large compared to the E-CARS
coherence length, thus there destructive interference in the epi direction
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to discriminate resonant signal versus the nonresonant background. This is well

known from CARS spectroscopy [26, 27] and when used in various forms for CARS

microscopy is known as polarization CARS (P-CARS) [28]. P-CARS techniques rely

on the difference between the depolarization ratios of the nonresonant and resonant

signals. If the pump and Stokes beams are not polarized along the same direction, it

is possible to cancel the nonresonant signal using a crossed polarizer, while a portion

of the resonant signal will be allowed to pass through to the detector. In practice,

this technique is rarely used for real-world imaging because a substantial portion of

the resonant signal is rejected by the polarizer, birefringence in the system makes

it difficult to cancel the nonresonant background entirely, and system alignment is

cumbersome (both the pump and Stokes must be corrected using a half-waveplate

and quarter-waveplate at each wavelength).

Frequency modulation CARS (FM-CARS) was one of the first techniques imple-

mented to increase the contrast of CARS microscopy without significantly reducing

the signal levels [29, 30]. In FM-CARS, the sample is scanned with the lasers tuned

alternately on resonance or off resonance. To first order, the nonresonant response of

the system is not frequency dependent and will not change if the frequency difference

between the pump and Stokes is changed. Both the homodyne resonant response

(i.e. |χ(3)
R |2) and the heterodyne response (i.e. 2χ

(3)
NRRe(χ

(3)
R )) will disappear when

the lasers are tuned off resonance. Normally, switching between on and off resonance

is accomplished by using a Pockels cell to switch between two different laser sources

tuned to different wavelengths (a third laser is kept constant). This switching can

be performed at hundreds of kHz and the detected CARS intensity can be sent to

a lock-in amplifier tuned to the switching frequency. This enables the detection of
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small fluctuations in the total CARS signal that are due to the resonant and hetero-

dyne signals being switched on and off. The main drawback of this technique is that,

depending on the switching frequency, scan speeds must be significantly reduced to

allow imaging. For fixed samples, this is acceptable, but for live samples this can

prove problematic. Furthermore, when switching between two different laser sources,

it is challenging to ensure that the two lasers generate exactly equal nonresonant

responses and any difference will lead to a background signal being measured. See

chapter 3 for our implementation of FM-CARS.

Many different techniques have been developed that utilize optical interference to

enhance sensitivity and/or contrast by taking advantage of the coherent nature of the

CARS process. At their heart, these techniques rely on the phase difference between

the resonant and nonresonant contributions to the signal. It should be noted that this

possibility was well known in spectroscopy before being applied to microscopy [14, 31].

Some approaches generate an external signal outside of the microscope and interfere

it with the CARS signal generated in the microscope. One such technique is to use

broadband pulses and measure the spectral interference pattern using a spectrometer

[32]. The spacing and position of the fringes in the interference spectrum reveal where

there has been a phase change due to a resonant signal versus a purely nonresonant

signal. The difficulty with this approach is that it requires detecting the interference

on a spectrometer which prevents rapid scanning. Instead of mapping out the phase

changes using the spectral interference pattern, it is instead possible to use intensity

interference to measure the phase change of the generated signal. By again generating

a local oscillator outside the microscope and dithering the time delay between it and

the generated CARS signal, an intensity modulation occurs when the two beams are
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overlapped at the detector. If the dithering is done quickly, a lock-in amplifier can

be used to extract the out-of-phase, modulated component of the signal, which is

directly proportional to the imaginary component of χ(3). This is known as optical

heterodyne CARS (OHD-CARS) [33, 34]. While this offers background free detection

of the resonant signal, it is difficult to implement in practice because the heterogeneous

nature of the sample changes the phase offset between the externally generated local

oscillator and the CARS signal (this is due to changes in the linear index of refraction).

This then requires changing the settings on the lock-in amplifier to redefine the in-

phase and out-of-phase components for every pixel and this limits the realistic scan

speed. One method of addressing this problem is to generate the local oscillator in

the sample instead of externally. This can be done by using a second pump input

beam at a different polarization. This will generate a second nonresonant background

signal that is phase-delayed relative to the resonant CARS signal. A polarizer is used

to permit a small portion of this second nonresonant background signal to interfere

with the primary CARS response. By varying the time delay of the second pump

beam (and hence changing the phase-delay of the second nonresonant background

pulse), it is possible to perform interferometric detection without degradation due to

phase changes in the sample [35–37]. Another option for overcoming the problem of

the phase changing across the sample is to use a set of phase-locked sources to map

the phase changes across the sample and then compensate for those changes during

the actual scan [38]. It should be mentioned that while all of these techniques have

been utilized in the forward direction, on thin samples, there have been proposals to

use similar interference techniques to add chemical sensitivity to optical coherence

tomography [39, 40] although there are many practical concerns with using fiber
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delivery of these lasers to the sample.

Optical interference also plays a crucial role in the various CARS techniques that

make use of pulse shapers for coherent control. Coherent control is most broadly

defined as manipulating and modifying molecular systems using light [41]. Control

is achieved by changing the phase, amplitude, and polarization of individual spec-

tral components of a light pulse. While there are different techniques available for

implementing coherent control schemes, a pulse shaper constructed using a liquid-

crystal spatial light modulator (SLM) is normally the tool of choice [42]. The Silber-

berg group has demonstrated many successful techniques for applying these ideas to

CARS spectroscopy, some of which have been translated to microscopy. The most

dramatic demonstration of the power of these techniques is to use only a single pulse

to achieve contrast. This can be done by placing a periodic phase modulation across

the spectrum of the beam. This corresponds to changing the single pulse into a pulse

train. If the period of the modulation matches a Raman mode of the system, there

is a strong CARS signal [43, 44]. In the time domain, the initial pulse in the train

excites the system. The subsequent pulses are spaced such that each pulse interacts

with the molecule at the revival time of the vibration of interest, resonantly driving

the system. If polarization and phase control are utilized, it is possible to further

enhance the contrast possible using this technique [45]. The Silberberg group is by

no means the only one developing coherent control techniques for CARS microscopy.

The Motzkus group has demonstrated variants of single pulse CARS microscopy using

a broadband pulse split into separate pump and probe pulses using a pulse shaper.

[46, 47]. One of the main stumbling blocks when attempting to implement coherent

control techniques for practical systems is that there must be sufficient power per
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spectral width for efficient excitation of the Raman level probed. Furthermore, the

pulse spectrum must have sufficient bandwidth to generate the frequency difference

needed to probe the desired Raman level. For microscopy, with the requirement for

high repetition rate sources, these two issues combined can prove problematic. To

address the problem of insufficient bandwidth from traditional sources, there has

been work done shaping the supercontinuum output of a photonic crystal fiber [48].

The low spectral power per bandwidth is problematic, but heterodyne detection can

somewhat help compensate for this [49].

While most of the previous techniques have focused on imaging applications,

CARS is also useful for microspectroscopy. This approach, known as multiplexed

CARS (M-CARS) can be performed in several ways: One of the most common tech-

niques, using a ps pump and probe and a fs Stokes, is illustrated in Fig. 2.3.

Figure 2.3: M-CARS energy level diagram. The pump and probe beams are narrow
band ps lasers. The Stokes is a broadband fs pulse. This allow multiple Raman levels
to be probed simultaneously. The anti-Stokes light will also be broadband and is
detected on a spectrometer.

The broadband Stokes pulse spans many Raman levels simultaneously. This leads

to a broadband anti-Stokes pulse as well. By detecting the Stokes on a spectrometer

the entire CARS spectrum of the pixel being interrogated is collected [50, 51]. It is

also possible to use two fs pulses for M-CARS where the pump and probe pulses are
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derived from a chirped fs beam [52]. This has the advantage that both the pump

and Stokes beams can be generated from a single source while maintaining spectral

resolution comparable to the case of using a ps pump. The two drawbacks of M-CARS

techniques are that acquiring an image is slow and that, as mentioned previously, the

CARS spectrum does not directly correlate with the Raman spectrum. There have

been efforts to recover the Raman spectrum from the CARS spectrum using maximum

entropy methods [53] or a nonlinear Kramers-Kronig transformation [54]. Each of

these techniques requires that the nonresonant spectrum be recorded separately and

be relatively smooth. This allows for assumptions about the spectral reshaping to

be used in order to recover a pure Raman response. Coherent control can also be

used for M-CARS; for example, if using three pulses for CARS (i.e. the probe is not

degenerate with the pump), it is possible to selectively narrow the spectral resolution

to enhance the response from one Raman mode by either shaping the probe pulse [55]

or the pump and Stokes pulses [56]. An alternative approach to M-CARS is to use a

microscope capable of both rapid CARS imaging and confocal Raman imaging [57].

This allows CARS imaging at a single Raman resonance as a rapid initial screening

followed immediately by more detailed spectroscopic analysis of structures of interest

using a confocal Raman microscope [57, 58].

Many other techniques have also been developed for enhancing the sensitivity of

CARS. Time-resolved CARS (TR-CARS) uses a second, time delayed pump pulse to

probe the residual population left in the excited vibrational state [59]. The primary

drawback of this technique is that for many modes of interest, the system decays too

rapidly for any appreciable signal to remain. One option is to use two fs pulses for
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the initial excitation followed by a third, time-delayed fs pulse. The resultant anti-

Stokes pulse can be amplified using interferometric detection with a local oscillator to

enhance the weak signal [60]. This approach requires scanning the delay time of the

local oscillator at each frequency difference to record the population decay. A variant

of this approach, Fourier transform CARS (FTCARS) scans the time delay between

two ultrashort pulse replicas and acquires the entire Raman spectrum by probing the

time behaviour of the system after the initial impulsive excitation. By taking the

Fourier transform of the time varying response of the system, it is possible to extract

the Raman spectrum [61].

2.2.1 Stimulated Raman Scattering (SRS)

One technique, related to CARS microscopy, that deserves special mention given its

recent high profile development is stimulated Raman scattering (SRS) microscopy.

SRS is another well known technique from coherent Raman spectroscopy [14]. When

lasers with their frequency difference tuned to a Raman resonance pass through a

medium, some of the molecules in the medium are left in the excited state and there

is an associated loss in the pump and a gain in the Stokes beams. While this signal

is small, using modulation techniques similar to those employed for FM-CARS, it is

possible to detect this change. This was demonstrated by several different groups

nearly simultaneously [62–65]. The main advantage of SRS microscopy over tradi-

tional CARS microscopy is that there is no coherent nonresonant background. This

causes the measured spectrum to be identical to the spontaneous Raman spectrum.

It also eliminates some coherent imaging artifacts that affect CARS microscopy. De-

pending on the analysis technique and interpretation, SRS could have better, but
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certainly not worse, signal to noise than CARS microscopy [65, 66]. There have not

been any published comparisons between SRS and FM-CARS, both of which are free

from nonresonant background signals.

2.3 The Rest

Beyond simply developing new techniques for CARS microscopy, the field has evolved

in many other directions: combining CARS with other microscopy techniques, under-

standing image formation, improving spatial resolution, increasing acquisition speed,

and utilizing CARS microscopy for a diverse set of applications.

The simultaneous use of different imaging techniques is known as multimodal

microscopy. One technique that can be advantageously combined with CARS is

differential interference contrast (DIC) microscopy which is a linear optical technique

that offers label-free images with contrast primarily based on changes of the index of

refraction of the sample. DIC can be enhanced by using CARS to highlight objects

of interest based on their Raman signature [67]. For example, lipid droplets can be

highlighted first using CARS and then DIC can be subsequently used to track them

[68]. The main advantage of this technique is that the phototoxicity of DIC can be

much less than other forms of microscopy and this allows long term observations of

live cells. CARS microscopy can also easily be combined with other NLO microscopy

techniques such as TPEF [69]. The long-range structure present in tissues allows

SHG to be used as a third NLO contrast mechanism. It is possible to combine CARS,

SHG, and TPEF since all three signals can be generated using the same lasers and are

often spectrally distinct. This has been demonstrated for the study of atherosclerotic

plaques where all three signals have endogenous sources [70] (see chapters 3 and 8 for
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further examples).

Because CARS is a coherent process, understanding image formation is challeng-

ing. Many different effects play a role in determining the far field radiation pattern.

The size and shape of the resonant object are obvious contributors [23, 24]. The

Raman depolarization ratio also plays a role in determining the far-field pattern [71].

For many structures of interest, the refractive index of the resonant structure is differ-

ent from the surrounding nonresonant background. This can lead to a rescattering of

light that affects image formation, especially in the epi-direction [72]. Moving beyond

isolated Raman scatters, the challenge of understanding image formation in turbid

media and tissue is much more difficult. The focal volume phase and amplitude are

not as well defined when the incoming beam must pass through turbid media as

scattering broadens the focal volume and reduces coherence [73, 74]. Scattering also

affects the collected signal, especially in the epi-direction. Most of the epi-detected

signal in CARS microscopy of thick tissues is in fact rescattered forward-directed

CARS that is “emitted” from an area much larger than even the broadened focal vol-

ume [25]. Understanding this process is necessary for effective imaging; for example,

for video rate SRS, it is necessary to collect this rescattered light to have sufficient

signal for imaging as the light collected solely by the objective is insufficient [75].

The amplitude and phase of the pump and Stokes at the focus can be manipu-

lated by external means to offer enhanced performance. If the focus of the CARS

microscope straddles an interface of a resonant and nonresonant material parallel to

the optic axis, there are unequal and out of phase contributions to the far field CARS

signal. Depending on the detuning (frequency difference) of the pump and Stokes,
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this can lead to destructive interference from an interface that makes an object ap-

pear smaller than it is [76]. If a π phase step is introduced across the center of the

focus (and across the interface), this difference can instead be accentuated. In this

case, bulk samples will generate no signal in the far field but interfaces parallel to the

optic axis will generate a larger signal. This will increase contrast at interfaces at the

expense of imaging bulk materials [77, 78]. Because CARS is a two-colour process,

it is possible to improve the spatial resolution of the process by independently shap-

ing the focal volume of the pump and Stokes [79, 80]. This is similar to stimulated

emission depletion (STED) microscopy where the signal is controlled by the overlap

of two beams [81]. By carefully choosing which higher order modes are used, it is

possible to reduce the focal volume that efficiently generates a CARS signal and thus

improve the spatial resolution.

The image formation problem can be inverted and instead used to perform spec-

troscopy. If an interface between a resonant and nonresonant medium is perpendicular

to the optic axis and splits the focal volume in half, the two media will be excited

with a phase difference because of the Gouy phase shift. Depending on whether or

not the laser first passes through a nonresonant medium then a resonant medium or

vice-versa will alter the spectral response measured. If the spectral response is mea-

sured for both cases (that is, resonant-nonresonant and nonresonant-resonant), the

difference between these spectra is directly proportional to the Raman spectrum of

the resonant medium [82, 83]. The main difficulty with implementing this technique

is that it requires a well-defined interface that ensures both halves of the focus are

only of one type of medium. This is difficult to find in many samples.

Several different techniques have been used to improve the acquisition speed of
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CARS microscopy. As mentioned above, understanding the nature of the back scat-

tered signal in tissue is important in designing the collection apparatus for CARS

[25] and SRS [75] when using CLSM systems capable of video rate imaging. There

have also been efforts to demonstrate widefield CARS microscopy (using ns lasers)

to enhance collection speeds [84]. Multifocus microscopy uses a microlens array to

generate many focal spots simultaneously. The array can be aligned such that all mi-

crolenses act in a confocal fashion. This technique has been used for many different

applications to increase acquisition speed and has been successfully demonstrated for

CARS microscopy [85].

CARS microscopy has been used for many different applications. There have been

several review articles written already that point out many (but not all) of the areas to

which CARS microscopy has been applied [41, 66, 86–91]. Some of the applications

for which we have used multimodal CARS microscopy, many not covered in such

reviews, will be reviewed in chapter 8.



Chapter 3

Optimally-Chirped CARS

Microscopy

The ideal laser source for CARS microscopy is difficult to define. While the first

modern approach to CARS microscopy used fs lasers [8], other groups used ps lasers

[92] and later groups made use of ns lasers [84]. Some studies have demonstrated that

when working in the fingerprint region (Raman shifts from 500-1700 cm−1)1 transform

limited (TL) ps sources are preferable [23]. While fs sources can be modified to offer

the same spectral resolution as ps sources [93, 94], for the most part they continue

to be used for M-CARS, pulse shaping and other more exotic approaches. Most

research which is focused on applications rather than technique development utilize

ps sources. Tightly synchronized ps Ti:Sapphire (Ti:Sa) oscillators provided the first

stable ps source for CARS imaging [95]. When using two separate lasers, the timing

jitter between the pulse trains inevitably introduces noise to the system. To overcome

1The Raman peaks in this region can be used to establish a “fingerprint” of biologically relevant
molecules.

28



CHAPTER 3. OPTIMALLY-CHIRPED CARS MICROSCOPY 29

this, a single laser source generating all the necessary frequencies is preferable. The

development of a ps synch-pumped optical parametric oscillator (OPO) offered one

solution to this quandary [96]. The development of this and other sources was based

on the assumption that ps pulses are the ideal pulse length for all situations. As

is demonstrated below, this is not always the case. The ideal pulse length depends

on the system studied and thus requires sources with tunable pulse lengths. The

implementation and calibration of such a source using a photonic crystal fiber (PCF)

is described below. This source can be used for CARS imaging of Raman shifts

ranging from 850-4000 cm−1. It also allows for multimodal CARS imaging of samples.

3.1 Optimal Pulse Length for CARS Microscopy

Previous work modeling CARS microscopy has indicated that for high contrast of

resonant over nonresonant CARS signals, ps pulses are required [23]. The material

properties used in the model were based on measurements taken of polystyrene beads

at a Raman shift of 1601 cm−1 which has a linewidth of a few wavenumbers. Below, we

attempt to find the optimal excitation bandwidth for other Raman bands, anticipating

that for different Raman linewidths (e.g. lipid, water) the optimal pulse width will be

different. Following reference [23] and using the equations from section 2, we calculate

the CARS polarization Pcars(ωas):

Pcars(ωas) =

∫ +∞

−∞
χ(3)Ep(ωp)

2E∗
s (ωs)dω (3.1)

where Ep(ωp) and Es(ωs) are the electric field of the pump and Stokes pulses respec-

tively. χ(3) was defined previously in equation 2.3 and is repeated here for convenience.
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χ(3) = χ
(3)
NR +

A

ΩR − (ωp − ωs)− iΓ
(3.2)

where ΩR is the center frequency of the Raman mode, Γ is the linewidth and A is a

scale factor. The pulses are normalized to be of constant energy as the spectral width

is changed:

E(t) = E

√
πδ

2 ln 2
exp

(
−π2δ2t2

2 ln 2

)
exp(−iωt) (3.3)

where E is amplitude of the electric field, δ is the spectral width and ω is the center

frequency of the pulse. The intensity of the CARS signal is given by:

Icars(ωas) =

∫ +∞

−∞
|Pcars(ωas)|2dωas (3.4)

In order to make direct comparisons with previous studies, we use the same pa-

rameters as in reference [23]: a Raman shift ΩR of 1601 cm−1 with a pump center

frequency of 13330 cm−1 and a Stokes center frequency of 11731 cm−1. The spectral

width of the pulses were identical. Using a Raman linewidth of 2Γ = 9.2 cm−1 (as in

[23]), the previous results were reproduced. To investigate the ideal pulse length for

other Raman modes, two other linewidths were also considered: 100 cm−1 correspond-

ing to the effective C-H stretch of lipid droplets in cells and 400 cm−1 corresponding

to the linewidth of the O-H stretch in water. |A/χ(3)
nr | = 4 cm−1 was used for the

relative strength of the resonant to nonresonant signals. The intensity from the reso-

nant and nonresonant contributions to χ(3) were calculated separately, neglecting the

heterodyne contribution. In Fig. 3.1a calculated resonant and nonresonant signals

are shown as a function of pulse duration for different Raman resonances. Using
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pulses of spectral width much larger than the Raman linewidth of interest leads to

almost no gain in resonant signal, whereas the nonresonant signal only continues to

increase and leads to worsening contrast. While not shown here, but in agreement

with previous work, the contrast continuously increases as the pulse spectral width

decreases. However, the increase in contrast is at the expense of the magnitude of

the resonant signal. Having high contrast but weak signals is of little value. Con-

versely, having high signals but poor contrast is also of little value. To this end, we

define a parameter, the performance Pf , which takes into account both contrast and

signal levels. We define Pf to be the contrast (Ir/Inr) multiplied by the resonant

signal Ir. This is plotted in Fig. 3.1b where it is clear, as intuitively expected, that

optimal performance Pf is achieved when the excitation pulse spectral width is equal

to the Raman linewidth of interest. In particular, for lipids, the spectral linewidth

should be 100 cm−1, corresponding to a TL temporal pulse width of 173 fs full width

at half maximum (FWHM), and for water the spectral width of the pulse should

be 400 cm−1, corresponding to a TL pulse of 43 fs FWHM. Note that the spectral

resolution of the CARS process is given by (∆2
p +∆2

s)
0.5 which implies that optimal

performance is achieved when the spectral resolution is larger than the linewidth of

interest (∆resolution =
√
2ΩR at optimal performance spectral resolution).

Inspection of Fig. 3.1a suggests that the nonresonant signal would overwhelm the

resonant signal in almost all cases. The values used for the relative strength of the

resonant and nonresonant χ(3) and Raman linewidth in [23] are empirical values based

on CARS measurements (calculated using the method of [97]). In order to determine

those values for other Raman modes, explicit measurements of the contrast ratio in

the microscope were performed, in our case for lipid imaging. This was done in two
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Figure 3.1: (a) Theoretically predicted resonant and nonresonant CARS signal levels
are plotted as a function of pump and Stokes spectral width. The three resonant
curves correspond to the Raman linewidth of polystyrene beads 9.2 cm−1, lipids 100
cm−1 and water 400 cm−1. The nonresonant signal (NR) is plotted for comparison.
(b) The performance Pf , the contrast ratio Ir/Inr multiplied by the absolute signal
level Ir, is shown as a function of pulse spectral width. It can be seen that Pf peaks
when the spectral width of the pump and Stokes matches the linewidth of the Raman
mode being probed.

ways, as shown in Fig. 3.2. First, the total CARS signal was measured as the focus

of the microscope objective was scanned from a glass coverslip (nonresonant signal

only) into a drop of octadecene oil (resonant signal plus some nonresonant signal).

As seen in Fig. 3.2a, the signal from the oil is much larger than the purely nonreso-

nant signal from the glass. To alleviate concern that this is due to a change in the

nonresonant χ(3) on going from glass to oil or a change in focussing conditions due

to the change of medium, a spectral scan of octadecene (using a method discussed

below) was performed. As seen in Fig. 3.2b, the ratio of resonant signal to nonres-

onant background is again very large and consistent with that implied by Fig. 3.2a.

Specifically, these measurements self-consistently yield a contrast ratio of 40:1. The

spectral resolution in this case was found to be 40 cm−1. It is therefore likely that

the calculations have overestimated the nonresonant signal in the lipid region by a
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significant amount. This is consistent with the fact that numerous laboratories have

observed high quality CARS images of lipids over the last decade.
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Figure 3.2: Determination of resonant versus nonresonant CARS signals in the lipid
region (effective pulse spectral widths of the pump and Stokes were ∼40 cm−1). (a)
The intensity profile as the laser focus was scanned along the axial direction across an
interface from glass (purely nonresonant CARS signal) to octadecene (resonant CARS
signal). The resonant signal was much larger. (b) A spectral scan of octadecene
showing the line shape and the contrast between on and off resonant signal levels.
For comparison, the spontaneous Raman spectrum of octadecene is included. These
two scans yield a ratio of resonant to nonresonant signal exceeding 40:1, indicating
that the resonant signal was not overwhelmed by the nonresonant background.

The above discussion suggests that we should consider optimizing the spectral

pulse width when performing CARS imaging of molecules having different Raman

linewidths. In practice, it is difficult to tune the TL temporal (or spectral) width

of a given laser oscillator over a large range (e.g. 50 fs to 5 ps). This is even

more challenging for the case of CARS microscopy where it would be necessary to

simultaneously tune the spectral widths of two independently tuneable lasers, without

introducing any relative timing or pointing changes. There exist, however, alternate

methods for enhancing spectral resolution in CARS microscopy based upon the high

degree of control over optical phase that is implicit in fs laser pulses [43]. By far the
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simplest such optical phase control is that of a quadratic spectral phase variation; in

other words, a linear variation of the frequencies within the pulse, called chirp. By

controlling the degree of chirp, high spectral resolution can be obtained in nonlinear

spectroscopy when using broadband fs laser pulses [98–100]. In CARS microscopy,

this method is called spectral focussing and was shown [94, 101] to achieve spectral

resolution quite comparable (∼8 cm−1) to that achieved with TL ps pulses. Using

the same model for the electric fields as above but now introducing linear chirp, we

demonstrate the effectiveness of this technique. We examine only the first two steps of

the CARS process because the CARS resonance is at second order. The pump-Stokes

interaction for unchirped pulses is given by:

Ep(t)E
∗
s (t) = EpEs

√
π2∆p∆s

(2 ln 2)2
exp

(
−π2(∆2

p +∆2
s)t

2

2 ln 2

)
exp(i(ωp − ωs)t) (3.5)

where Ej, ∆j and ωj (j given by p for the pump, s for the Stokes) are the magnitude,

spectral width, and center frequency of the respective pulses. In the case of chirped

pulses, the pump-Stokes interaction is given by:

Ep(t)E
∗
s (t) = EpEs

√
π2∆p∆s

(2 ln 2 + ia)(2 ln 2− ib)

exp

[
− π22 ln 2t2

(
∆2

p

(2 ln 2)2 + a2
+

∆2
s

(2 ln 2)2 + b2

)]

exp

[
i(ωp − ωs)t+ iπ2t2

(
∆2

pa

(2 ln 2)2 + a2
− ∆2

sb

(2 ln 2)2 + b2

)]
(3.6)

where a and b are the chirp parameter of the pump and Stokes pulses respectively
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[102]. If we assume that the pump and Stokes pulses have the same spectral band-

width (∆p = ∆s) and chirp parameter (a = b), the chirped pulse expression simplifies

considerably:

Ep(t)E
∗
s (t) = EpEs

√
π2∆2

(2 ln 2)2 + a2
exp

(
−π24 ln 2∆2t2

(2 ln 2)2 + a2

)
exp(i(ωp − ωs)t) (3.7)

Comparing the chirped with the unchirped case, we find that the former is math-

ematically identical to an unchirped pulse with a much narrower effective spectral

width. This effective width is given by:

∆effective =

√
∆2

1 +
(

a
2 ln 2

)2 (3.8)

for the CARS process at second order. This means that chirping large spectral band-

width (fs) pulses is equivalent to using longer duration (ps) TL pulses of the same

pulse energy. As the maximal spectral width is limited by the laser source itself, fs

laser pulses (having large spectral bandwidths) provide a flexible CARS laser source

since, with sufficient chirp, they can be made to behave like a pulse (fs to ps) having

a narrower spectral width.

3.2 Implementation

The degree of linear chirp is a variable parameter that can be optimized to enhance

both signals and contrast for multimodal CARS microscopy. In multimodal imaging,

TPEF, SHG and THG all increase as the intensity of the excitation pulses increases

(i.e. as pulse durations decrease). By using the degree of chirp to alter the effective
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Raman spectral width, it enables compromises between higher spectral resolution in

CARS and intensity in these other channels. The particular chirp parameter cho-

sen will depend on the sample under observation and it can be altered to achieve

the desired performance. In our implementation, we desire broad Raman tunability

(∼850-4000 cm−1) and therefore use a PCF to generate the broadband synchronized

Stokes light as this had been previously demonstrated for CARS microscopy [103–

108]. With this choice, the spectral pulse width of the pump and Stokes are not

identical, as was assumed above. In our case, the Stokes spectrum from the PCF is

much broader than the pump spectrum. This does not prevent the achievement of

high spectral resolution, but it does mean that not all of the Stokes is utilized. The

portion of the Stokes spectrum that does not overlap the pump does not negatively

impact cell viability: The Stokes power is significantly lower than the pump and is

further to the infrared where absorption is significantly lower. In fact, the broad spec-

trum of the Stokes can be used to advantage. Since the pulses are chirped, changing

the time delay between the pump and Stokes pulses changes the instantaneous dif-

ference frequency and therefore the Raman mode being probed. This is illustrated in

Fig. 3.3 where the instantaneous frequency of the pulses is plotted as a function of

time. In Fig. 3.3a we show the case where the pump and Stokes pulses have differing

chirp rates, resulting in poor spectral resolution, ∆Ω. In Fig. 3.3b we show the case

where the pulses have matched chirp rate. Here the frequency difference between

the pulses is constant, giving enhanced spectral resolution ∆Ω. Changing the time

delay between the pulses changes the frequency difference and thus the Raman mode

probed from Ω1 to Ω2. This gives a simple method of scanning across the Raman

modes of the sample.
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Figure 3.3: Time-frequency plots showing the pump and Stokes pulses as ellipses in
(ω,t) space. In this representation, transform limited pulses have vertical major axes
whereas those of chirped pulses are tilted. The instantaneous bandwidth is determined
by measuring the height of an ellipse at any instant of time. In CARS, the spectral
resolution is set by the first two photon interactions and, in this representation,
the spectral resolution ∆Ω is determined by the total height of the ellipse ωp − ωs.
(a) Pulses having unmatched chirps and large instantaneous bandwidths. Here, the
spectral resolution ∆Ω is poor because the instantaneous bandwidth is large and the
difference between the pump and Stokes is changing as a function of time. (b) Chirp
matched pulses with narrow instantaneous bandwidths. Here the spectral resolution
∆Ω is improved because the instantaneous bandwidths of both the pump and Stokes
are narrower and the frequency difference between the pump and Stokes is nearly
constant. It is seen that changing the time delay between pump and Stokes scans the
instantaneous difference frequency, corresponding to different Raman modes being
probed (Ω1, Ω2).
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We have used different physical implementations of our general scheme of using

variably chirped pulses for CARS microscopy. The three primary implementations

are highlighted below. The implementation used will not be noted in results pre-

sented later. The same PCF (NL-1.4.775-945, Crystal Fiber) was used in all three

implementations as it was previously shown to generate pulses in the near infrared

[103]. The fiber is commercially mounted in the so-called “Femtowhite” package. For

this package, the fiber input and output faces are collapsed and fused to optical win-

dows. This makes alignment easier while limiting the spot size on the input window

which reduces the possibility of damage to the input face of the fiber. The microscope

configuration used is fairly consistent across all of the laser source implementations.

Imaging was performed on a modified Olympus Fluoview 300 (FV300) laser scanning

system using an IX71 inverted microscope. Most commonly, a 40X 1.15 NA UAPO

water immersion objective lens with a cover slip correction collar is used as the ob-

jective and a 0.55 NA long working distance condenser is used for collection in the

forward direction through a fiber. The alignment, design and utility of using fiber col-

lection in the forward direction is highlighted in chapter 4. The efficiency of collection

in this configuration is insensitive to small adjustments of the focus of the condenser.

Fluorescence signals are collected through the objective lens (epi-detection). A 400

- 700 nm filter (E700sp, Chroma Technology) is used to discriminate TPEF, SHG,

SFG and anti-Stokes signals from the pump and Stokes beams. To discriminate for-

ward propagating second-harmonic and CARS signals, additional band-pass filters

are used. For imaging, light is directed to a PMT with enhanced red sensitivity

(Hamamatsu R3896).
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3.2.1 Implementation 1 - Tsunami Oscillator

This implementation was the first one developed and was presented in [109]. A

depiction of the optical arrangement is given in Fig. 3.4. A Spectra Physics Tsunami

Ti:Sa laser system produced pulses of 60 fs at 80 MHz repetition rate with 550 mW

total average power directed towards the microscopy setup. In most cases the laser

operated at a center wavelength of 800 nm. A Faraday isolator was used to avoid

back reflections into the laser2. The pulse train was sent through a prism compressor

optimized to achieve the shortest pulse duration at the input to the PCF. The Ti:Sa

beam was split by a 50:50 beam splitter into a pump and Stokes arm. The pump

proceeded to the sample via a variable time delay stage and its average power was

controlled by a variable neutral-density filter. The remaining 250 mW of power was

directed to the PCF which generated light in the near-infrared and visible. The output

of the PCF was filtered before the Stokes and pump were recombined. Typical powers

before the microscope scan head were 12 mW in the Stokes and, depending on the

sample, 40 to 150 mW in the pump. To control the chirp in the simplest possible

way, we used fixed length blocks of glass: one 3 cm block of SF6 glass was placed

in the pump arm and a 5 cm block of SF6 glass was placed in the Stokes arm to

achieve nearly matched chirps. The lengths of glass could be varied to adjust the

chirp of each beam. Furthermore, a third block of glass could be inserted into the

combined beam for additional dispersion. The power in the Stokes arm decreased to

about 7 mW with the glass in place while the power in the pump remained unchanged

(the glass blocks are anti-reflection coated for 800 nm). Note that these powers were

2A Faraday isolator is needed when the oscillator is used to simultaneously seed an amplified
laser system. If the oscillator is dedicated to only microscopy, the Faraday isolator can be removed
to reduce dispersion.
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attenuated by about a factor of ∼2 through the microscope system before reaching

the back aperture of the objective.

Figure 3.4: Multimodal CARS microscopy optical arrangement. Pulses from the Ti:Sa
oscillator are sent through a Faraday isolator (FI) followed by a prism compressor.
A 50:50 beam splitter (BS) divides the incoming light. One arm is sent through a
photonic crystal fiber (PCF) and bandpass filter (BP) before being recombined on a
dichroic mirror (DM). The other half is sent through a time delay arm that includes
a neutral density filter (ND). In both the pump and Stokes paths, glass (SF6) can be
added to control the chirp. The recombined beam is sent into the FV300 microscope.
Inside the FV300, there are more dichroic mirrors and filters to separate the signals
from the excitation light. Note that the epi-detected fluorescence signals are collected
inside the microscope.

3.2.2 Implementation 2 - Mira Oscillator with Prisms

While glass blocks offer some ability to tune the dispersion, it is possible to implement

an optical scheme wherein the degree of pulse chirp is continuously variable, such as

by making use of prisms. This should permit continuous tuning of the effective CARS

spectral resolution from ∼ 5-400 cm−1. To implement this scheme, a new optical

layout was designed as is illustrated in Fig. 3.5. A Coherent Mira laser that produces

pulses as short as 50 fs with 1.5 W average power at a repetition rate of 80 MHz

when operating at 800 nm was used. A Faraday isolator was not used, however, a
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prism compressor was still required to compress the pulse at the entrance face to the

PCF due to the glass beam splitters used (see subsection 3.3.3 for further discussion).

The Ti:Sa beam was split by a variable beam splitter (half-wave plate followed by a

polarizing beam splitter). Normally, 200 mW of light was directed to the PCF. The

output of the PCF was collected using a NIR long working distance objective before

the visible portion of the output was filtered. The beam was sent through a half-wave

plate before being sent to a folded prism compressor constructed using Brewster’s

cut SF6 prisms. The prism compressor was built at near zero length to minimize the

negative dispersion generated. By translating the prisms through the beam path, it

was possible to increase the dispersion experienced by the beam by lengthening the

optical path through the glass. The Stokes was then recombined with the pump.

The pump was also sent through a near zero length prism compressor before being

sent to a computer-controlled delay stage to adjust the temporal overlap of the pump

and Stokes. After another variable beam splitter, it was recombined with the Stokes.

Before the microscope, 8 mW of Stokes and 50-400 mW of pump was available. The

reduction in the Stokes compared to implementation 1 was because the output of the

PCF is not well polarized and the prism compressor acts as a polarizer, reducing the

total Stokes power. By adjusting the half-wave plate after the PCF, it was possible

to optimize the transmitted Stokes spectrum for imaging a particular Raman shift.

3.2.3 Implementation 3 - Mira Oscillator with Glass Blocks

Implementation 2 offered the ability to continuously tune the chirp of the pulses. In

practice, however, since many samples share similar characteristics (e.g. CH stretch in

biological samples), only a couple different settings of the prisms were used. Because
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Figure 3.5: Multimodal CARS microscopy optical arrangement. Pulses from the
Ti:Sa oscillator are sent through a prism compressor. A variable beam splitter made
by a half-wave plate (HWP) followed by a polarizing beam splitter (PBS) was used
to divide the beam. One arm was sent through a photonic crystal fiber (PCF),
bandpass filter (BP), then a HWP before being sent through a near-zero length prism
compressor. The prisms can be adjusted to add more glass to the beam path. The
other beam was sent through a time delay arm, a different near zero length prism
compressor and a second variable beam splitter. The beams were recombined on a
dichroic mirror (DM) then sent the microscope for experiments.

the prism compressor acted as a polarizer on the Stokes beam, it made it more

difficult to perform spectral scans because the Stokes spectrum was reshaped by

the compressor. A combination of implementation 1 and 2 has proven effective for

many experiments. Implementation 3 is shown in Fig. 3.6. The Mira output was

sent through a prism compressor and variable beam splitter. The PCF output was

filtered and passed through a 5 cm broadband anti-reflection (AR) coated block of

SF6 before being recombined with the pump. The pump had no additional dispersion

elements added before recombination. After recombination, both beams were passed

through a 10 cm broadband AR coated block of SF6. The 10 cm block of SF6 could be

removed without changing the alignment into the microscope (the change in temporal
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overlap could be accommodated by the computer-controlled delay stage). With this

implementation, 16 mW Stokes was measured before the microscope and 50-400 mW

was used in the pump when using a 800 nm center wavelength and a TL pulse length

of ∼60 fs.

Figure 3.6: Multimodal CARS microscopy optical arrangement. Pulses from the
Ti:Sa oscillator are sent through a prism compressor. A variable beam splitter made
by a half-wave plate (HWP) followed by a polarizing beam splitter (PBS) is used to
divide the beam. One arm was sent through a photonic crystal fiber (PCF), bandpass
filter (BP), then a HWP before being sent through a 5 cm block of SF6 glass. The
other beam was sent through a time delay arm, before being recombined with the
Stokes on a dichroic mirror (DM). The combined beams are then sent through a 10
cm block of SF6 glass before being sent to the microscope.

Two sample results are shown here, one highlighting CARS only and the other

the multimodal capabilities of the system. In Fig. 3.7 we show measurements of

rat spinal nerves, demonstrating the capability of using this system for CARS tissue

imaging. The sample was freshly excised rat dorsal root nerve tissue fixed in isotonic

buffer containing 4% paraformaldehyde. The axon fibers were imaged while immersed

in isotonic buffer between two cover slips using cut pieces of cover-slips as spacers

(approximately 0.17 mm thickness). The spinal nerves are approximately 300 µm in

diameter and consist of bundles of roughly 100 myelinated axons, each about 15 µm
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diameter. The effective depth of field of the CARS signal was ∼1.5 µm, a condition

necessary in order to see details in this tissue. The pixel intensity profile of the

indicated line is shown, demonstrating the contrast achieved (>50:1). The signal

intensity from the myelin is at least 60 fold greater than that from the axon and

that fine detail in the myelin structure is clearly visible. The spectral response of

the myelin was measured, demonstrating that the signals observed were solely due to

Raman resonant enhancement, rather than changes in the nonresonant χ(3).

Figure 3.7: Forward-detected CARS imaging of fixed rat dorsal root nerves. The
CARS resonance was set to 2850 cm−1. The lipid-rich myelin sheath surrounds the
neuronal axon and generates a strong CARS signal. The pixel intensity profile of the
indicated line is shown, revealing high contrast. The scale bar is 50 µm. The pixel
dwell time was 8 µs.

In Fig. 3.8 we show an atherosclerotic lesion from a rabbit aorta which was used

as a test sample for label-free multimodal imaging. Aorta sections from 6 month old

WHHLMI (Watanabe heritable hyperlipidemic myocardial infarction) rabbit strain

[110] were prepared by fixing in 4% paraformaldehyde in phosphate buffered saline. A

50 µm section of aorta tangential cut to the lumenal side was imaged showing lipids

(CARS - red), collagen (SHG - blue) and smooth muscle elastin (TPEF - green). It

should be noted that all three signals are endogenous to the sample and no dyes or
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stains were added to enhance contrast. The image is a projection of a 50 image data

set recorded along the axial direction (1 µm interval between images). An extensive

network of collagen surrounds the lipid rich tissues, suggesting a stage V or later,

type lesion [111].

Figure 3.8: Multimodal CARS microscopy of rabbit aorta. A 50 micron thick section
of aorta was tangentially cut to the lumenal side and imaged for lipids (CARS - red)
collagen (second harmonic - blue) and smooth muscle elastin (fluorescence - green).
All three signals are endogenous to the sample. The CARS and SHG were collected
in the forward direction whereas the TPEF was collected in the epi-direction. This
image is a maximum intensity z-projection of a 50 image data set of a 3D scan through
the sample (images set 1 µm apart). The scale bar is 50 µm. The pixel dwell time
was 8 µs.

3.3 Characterization

While collecting basic images is relatively straightforward with the implementations

described above, quantifying the system response and retrieving accurate spectral

information requires additional calibration and characterization. Results focussed
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on applications of this technique towards other problems will be discussed later (see

chapter 8).

3.3.1 Spectral Scanning

As shown above in Fig. 3.3, it is possible to change the Raman level probed by

changing the time delay between the pump and Stokes if the pulses are chirped.

This enables spectral scanning to be performed rapidly, however, calibration of the

spectral scan is necessary. When using a computer controlled stage, only the spatial

displacement of the reflecting mirror is known and this must be calibrated to an

instantaneous frequency difference between the pump and Stokes. One option for

calibration is to use a known sample and identify the Raman peaks in the CARS

spectrum and correlate these to stage position. If a linear chirp is assumed, then with

two known points it is possible to extrapolate the frequency differences for all stage

positions. Unfortunately, this does not work well for CARS microscopy because the

nonresonant background alters the resonant peak positions (see Fig. 2.2) and prevents

direct correlations with the Raman spectrum. Furthermore, without multiple peaks

to observe, the assumption of linear chirp is difficult to justify.

Other options exist for calibrating the frequency difference. One is to use crystals

of potassium dihydrogen phosphate (KDP) to generate SFG signals. KDP powder is

easily obtained and can be placed at the focus of the microscope (this is easier to use

and much less expensive than a crystal of KDP). By using immersion oil, it is possible

to generate significant SHG and SFG signals. By using filters to block the SHG and

residual pump light, the spectrum of the SFG signal can be measured. By measuring

the central SFG frequency at each time delay and the center frequency of the pump,
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it is possible to map the chirp of the Stokes. Because SFG is a nonresonant process,

it can be used to measure the entire Stokes spectrum. There are two drawbacks to

this approach. First, the SFG signal is very broad, making it difficult to determine

the peak position. This is further complicated if the Stokes spectrum is structured

because this structure is reproduced in the SFG spectrum. The second drawback is

that SFG is strongly polarization dependent. As mentioned above, the Stokes output

is not well polarized and this may cause the SFG and CARS signals to not have the

same polarization response.

Analogously to using the SFG response, it is possible to use the CARS response to

measure the instantaneous frequency difference of the pump and Stokes as a function

of temporal delay. If the CARS signal is sufficiently strong, the anti-Stokes light can

be sent to a spectrometer and recorded. The spectral width of the CARS response is

substantially narrower than the SFG spectrum and this facilitates defining the peak

positions. The challenge is that any resonances in the medium used for calibration

will significantly alter the response characteristics and prevent an accurate calibra-

tion. To alleviate this challenge, a purely nonresonant response is desired. With our

system, glass slides offer a sufficiently strong response when high pump power is used.

Even so, this response can only be measured using our fiber-collection adapter (see

chapter 4). Another option would be to make use of artificial samples which have

a large nonresonant response, for example metal nanoparticles or carbon nanotubes

[112]. In Fig. 3.9 a sample calibration using glass slides is displayed. It is clear from

the fit that the chirp of the Stokes is linear.
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Figure 3.9: A sample calibration curve for spectral scanning. A nonresonant CARS
signal is generated in a glass slide and the center wavelength of the CARS signal
is measured using a spectrometer. The center wavelength of the pump is measured
independently. This allows calibration of frequency difference as a function of stage
position. The fit included demonstrates that the chirp of the Stokes is linear. This
calibration was taken with a pump wavelength of 826 nm.

3.3.2 Variable Spectral Width

Estimating the effective spectral width of the excitation is relatively straightforward.

By using a known sample with distinct Raman peaks, the CARS spectrum can be

recorded. By deconvolving the measured CARS spectral width with the known Ra-

man linewidth, the effective excitation width can be estimated. Because of the spec-

tral reshaping caused by the nonresonant background, this measure is more chal-

lenging if the resonant signal is weak and/or if the resonant linewidth is similar to

the excitation bandwidth. Because the chirp is roughly linear, we can measure the

spectral width using a calibration sample and assume the measure holds for all other

Raman shifts. Methanol can be used for calibration in the CH region because it has

two, relatively narrow but isolated peaks. An example of spectral scans performed

at different effective excitation bandwidths are shown in Fig. 3.10. Two different

chirp different chirp conditions were used and the CARS spectra were recorded of
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methanol. The two peaks of methanol are around 2835 and 2944 cm−1 [113, 114]

and they are more clearly resolved when the chirp is increased. The FWHM of the

methanol 2835 cm−1 band is ∼25 cm−1, allowing an estimate of the spectral resolu-

tion. For example, if the measured FWHM of the CARS signal is ∼35 cm−1, this

indicates a spectral resolution of 25 cm−1. It is worth noting that this technique, while

convenient, cannot always be used effectively. If the nonresonant background is large

and the CARS response is significantly spectrally reshaped, this technique should be

used with caution. Under these circumstances it is difficult to define the FWHM of

the CARS response and the ad-hoc deconvolution used here is poorly defined.
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Figure 3.10: The spectral resolution is changed by chirping the pulses. One curve
(dashed) was obtained with near transform limited pulses having large instantaneous
bandwidths. The second curve (black) was obtained with pulses that had a narrow
instantaneous bandwidths. As expected, varying the chirp and ensuring matched
chirp rates improves the spectral resolution. In this case, the spectral resolution
varied from >160 cm−1 to <60 cm−1 The signals have been normalized.

3.3.3 Noise Characteristics of the Photonic Crystal Fiber

For microscopy, the noise characteristics of the laser are important for image for-

mation. For many applications, CLSM is performed with a few microsecond pixel

dwell time. This corresponds to an effective upper limit of ∼ 100 kHz on the noise
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frequencies that affect imaging: higher frequencies will be averaged during the pixel

integration time and will not impact image formation (note that for video rate imag-

ing, the upper limit is, of course, much higher). Any noise below 100 kHz, however,

can have a detrimental affect on acquired images. For our implementations of CARS

microscopy, the major potential noise source is the PCF. Research by other groups

has indicated that short, unchirped pulses offer the best stability when using PCFs

[115, 116]. These works focused mostly on single zero dispersion point (ZDP) fibers

whereas our PCF is a two ZDP fiber. There have been simulations that suggest

that two ZDP fibers are relatively immune to changes of the input conditions and

are relatively stable [103, 117]. We have found that in practice, however, there can

be noticeable noise when imaging. To quantify the effective noise, several tests were

performed. The simplest test is to compare the pulse to pulse variability of the PCF

output to that of the Ti:Sa laser. Using a fast photodiode (Thorlabs DET10A for the

Ti:Sa, Thorlabs DET10C for the PCF output), sample pulse trains from the Ti:Sa

and from the PCF output (after the visible portion has been filtered) were recorded.

Both of these measurements are shown in Fig. 3.11. Covariance measurements of

the data are found to be similar (∼ 1%) indicating minimal added noise due to the

PCF. It is also worth noting that the Ti:Sa is known to be much more stable than

indicated in this measurement, suggesting that measurement error accounts for most,

if not all, of the noise. While this indicates that the overall output of the PCF is

stable, it is not conclusive proof of stability suitable for CARS microscopy. Because

different nonlinear processes compete and interfere in the fiber, it is possible for the

output spectrum of the PCF to change shot-to-shot (this is known to happen for one

ZDP fibers [117]). To test this, a spectrometer was built, using a prism to disperse
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the spectrum and a slit to isolate individual spectral components of the Stokes. A

separate, calibrated spectrometer was used to calibrate slit position to wavelength.

The slit width corresponded to approximately a 10 nm slice of the Stokes spectrum.

A photodiode was placed behind the slit to record the pulse train. A sample pulse

train (at 1050 nm) is also included in Fig. 3.11. It is clear that the individual spectral

components are substantially noisier than the entire PCF output.
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Figure 3.11: Using a fast photodiode, the output of the Ti:Sa laser was recorded
and is shown in blue. Using a different fast photodiode, the full IR component of
the PCF output was recorded and is shown in green. The red trace is from a single
spectral component of the PCF (1050 nm) and demonstrates that the individual
spectral components of the PCF output can be unstable despite a relatively stable
total output.

To further characterize the the PCF output, the photodiode output was sent to

an electrical spectrum analyzer (ESA) (HP Agilent N9320B RF Spectrum Analyzer).
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This allowed us to measure the residual noise above baseline present within each

spectral band of the Stokes pulse. The baseline represents the measurement limits of

the system. To ensure a fair comparison among the different spectral components,

the measurement settings on the ESA were not changed for each spectral component.

To ensure proper quantitative comparisons, the RF spectral peak intensity of the

signal was kept the same on the ESA for all Stokes wavelengths. This was done by

using a neutral density filter to attenuate the input beam. The Ti:Sa (not shown)

had no measurable noise above background under these conditions and the full PCF

output had 2 dBm of noise above background. Sample power spectra are shown

if Fig 3.12a and the residual noise for the different Stokes spectral components are

shown in Fig. 3.12b. As can be seen, the noise above baseline varies across the Stokes

bandwidth, indicating that CARS measurements at different frequency shifts will

demonstrate more noise degradation than others.

Modeling of supercontinuum generation in single ZDP fibers indicates that short

(<80 fs) pulses are required for stable continuum generation [116, 117]. It was also

demonstrated that the relative intensity noise is larger for chirped pulses when com-

pared with TL pulses of the same pulse length [117]. To test if this behaviour is

similar for our two ZDP fiber, we adjusted the laser and the external prism compres-

sor to test various input conditions to the PCF. The pulse length was measured using

an SHG-intensity autocorrelator [102]. As can be seen in Fig. 3.13, short (<80 fs),

TL pulses eliminate excess noise in the individual Stokes spectral slices. The TL 68 fs

pulse demonstrates no measurable excess noise, whereas the TL 98 fs pulse has some

residual noise. Interestingly, when the 68 fs pulse is chirped to 93 fs (shorter than

the 98 fs pulse), the residual noise is well in excess of that present when a longer,
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Figure 3.12: Spectrally dependent noise in the PCF output. (a) The electrical power
spectrum is recorded on the ESA. If the full PCF output is measured, there is only 2
dBm of residual noise above background (recorded with the laser blocked). The Stokes
pulse was sent to a calibrated spectrometer. A photodiode was used to record the
light exiting the spectrometer slit. A neutral density filter was used to ensure that all
measurements were taken with the same peak power on the ESA. For different Stokes
wavelengths, the power spectrum is recorded and the residual noise is found to be
substantially above background for all wavelengths. (b) The noise above background
was recorded for different components of the Stokes spectrum.

but TL pulse is used. When the 98 fs pulse is chirped to 106 fs, it has similar excess

noise to the other chirped pulse. This confirms that it is critical for system stability

that short pulses that are TL at the entrance to the PCF be used when generating

supercontinuum.

3.4 Additional Techniques

As discussed in chapter 2, there are numerous modifications possible to the basic

CARS technique. We have implemented both FM-CARS and SRS using a modified

version of our setup. Both of these techniques claim to offer enhanced sensitivity

over the standard CARS system. Furthermore, for SRS, the recorded spectrum is

identical to the spontaneous Raman spectrum (as opposed to the reshaped CARS
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Figure 3.13: Looking at an individual Stokes spectral component (1050 nm), the noise
above background was recorded for various input pulse conditions. A TL 68 fs pulse
show no noise above background. When that pulse is chirped to 93 fs, it demonstrates
significant excess noise. When a 98 fs TL pulse is used, some excess noise is present.
If that pulse is chirped to 106 fs, the excess noise increases.

spectrum) and this is advantageous when performing quantitative measurements or

when making comparisons between diverse samples. The implementations described

above can be modified to enable both FM-CARS and SRS.

3.4.1 FM-CARS

For FM-CARS, it is necessary to switch rapidly between on and off resonance. Be-

cause our system only relies on a time delay to achieve a change in frequency dif-

ference, this is easily achieved. Implementation 3 was modified to allow for FM-

CARS. The modified layout can be seen in Fig. 3.14. Before recombination with the

Stokes, the pump beam was sent to a Michelson interferometer in which recombina-

tion was performed on a polarizing beam splitter. The recombined pump beam was

sent through a Pockels cell which acted as a fast-switching polarizer that selected

light from one of the arms of the interferometer. This allowed the time delay of

the pump to be dithered at high repetition rates. The PMT output was sent to a
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lock-in amplifier to extract the modulated signal. Performing a spectral scan with

this implementation presented some challenges because the Stokes spectrum was not

uniform. This made it appear that the nonresonant background was structured; how-

ever, this was simply a map of the Stokes intensity. This could be compensated for by

performing a nonresonant background scan prior to scanning the sample of interest.

Figure 3.14: Pulses from the Ti:Sa oscillator are sent through a prism compressor.
A variable beam splitter made by a half-wave plate (HWP) followed by a polarizing
beam splitter (PBS) is used to divide the beam. One arm was sent through a photonic
crystal fiber (PCF), bandpass filter (BP), then a HWP before being sent through a
5 cm block of SF6. The other beam was sent through a time delay arm and then
sent to a Michelson interferometer. One arm of the interferometer has a half wave
plate in it before recombination on a polarizing beam splitter. The output of the
Michelson is sent through a Pockels cell (PC). The Pockels cell switches which beam
is allowed through and allows the time delay of the pump to be rapidly modulated.
The pump and Stokes are recombined on a dichroic mirror (DM) before being sent
to the microscope.

In Fig. 3.15, polystyrene beads have been placed in water with fluorescent dye.

The dye concentration has been chosen so that contrast is reduced (between TPEF

and CARS) in the forward direction. If an image is acquired without using FM-

CARS, the contrast is poor. If FM-CARS is used, however, contrast is excellent and

the background is completely removed. As mentioned above, spectral scanning can



CHAPTER 3. OPTIMALLY-CHIRPED CARS MICROSCOPY 56

still be performed with the FM-CARS setup. A sample CARS spectrum is shown

in Fig. 3.16. Here, methanol has been diluted in water. Without FM-CARS, there

is only a weak methanol signal present, but when using FM-CARS, a clear spectral

fingerprint of methanol is visible.

Figure 3.15: Polystyrene beads are placed in water with dilute fluorescein. CARS
and FM-CARS we used sequentially to acquire images of the same field of view. In
the top image, which was acquired using standard CARS microscopy, the poor con-
trast is obvious, whereas the bottom image acquired using FM-CARS show enhanced
contrast. This improvement in contrast is further evidenced by comparing the line
outs from the two images.

3.4.2 SRS

The FM-CARS setup can also be used for SRS microscopy. While it is possible

to perform SRS with a frequency modulation, most previous implementations have

used amplitude modulation instead [66]. In our setup, this can be easily performed

by chopping one beam or blocking one arm of the Michelson in Fig. 3.14. In the
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Figure 3.16: Methanol is diluted with water to greatly reduce the CARS signal.
A spectral scan is first acquired using standard CARS microspectroscopy (grey line)
followed by a spectral scan using FM-CARS (black line). The enhancement in spectral
contrast is ∼ 6 times.

microscope, the filters are changed such that only the pump beam is blocked and the

Stokes beam is detected on a photodiode instead of a PMT. The photodiode output

is sent to the same lock-in as used for FM-CARS. A sample spectrum of methanol

diluted in water is shown in Fig. 3.17. For reference, a simultaneously collected epi-

detected CARS spectrum is also included. Comparing the two spectra, the CARS

peaks are shifted to the red. It is further evident that in the CARS spectrum, the

higher frequency peak has been suppressed by the out-of-phase component of the

low frequency peak. Both of these spectral reshaping features are expected in CARS

microscopy with a nonresonant background.
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Figure 3.17: Using the FM-CARS setup, one arm is blocked to perform amplitude
modulation SRS. The Stokes beam is detected using a photodiode. A CARS signal
is collected in the epi-direction. Methanol was diluted in water for the experiment.
As can be seen, the peaks in the CARS spectrum (grey line) are shifted to the red
relative to the peaks in the SRS spectrum (black line) as expected. Also, the relative
peak heights have changed due to spectral reshaping of the CARS signal.

3.5 Retrieving the Raman Spectrum1

As mentioned in chapter 2, it is possible to retrieve the spontaneous Raman spectrum

from the CARS spectrum by using the maximum entropy method [53]. Another suc-

cessful technique for this retrieval is a nonlinear Kramers-Kronig transform [54]. A

distinct advantage of this algorithm is that a spectrally-flat nonresonant background

is not required for retrieval. In our experimental implementation of CARS microscopy,

the Stokes spectrum is structured and this structure is directly reproduced in the non-

resonant background as part of any CARS spectrum recorded, making its effective

removal challenging. To test the functionality of the algorithm for our implementa-

tion, we collected CARS spectra of DMSO diluted in deuterated DMSO (d-DMSO).

1Marcus Cicerone provided his code to us which we have used “as is” for the results presented
here and elsewhere. The implementation has been published in [54]. Aaron Slepkov provided figures
3.18 and 3.19.
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In Fig. 3.18a, different CARS spectra recorded at different concentrations of DMSO

are shown. The transition from a purely resonant signal at high concentration to a

heterodyne signal at low concentration is recognized by analyzing the different peak

shapes. It is especially apparent at the lowest concentrations shown in the inset of

Fig. 3.18a. For high concentrations of resonant material, we expect the CARS signal

to scale quadratically with concentration, whereas at low concentration of resonant

material we expect linear scaling. This scaling behaviour can be understood if we

refer to equation 2.5b. The resonant χ
(3)
R scales linearly with concentration but the

total CARS intensity scales as |χ(3)|2. At high concentrations, the |χ(3)
R |2 contribution

dominates whereas at lower concentrations the main contribution due to the resonant

material is given by 2χ
(3)
NRRe(χ

(3)
R ).

With access to the entire spectral response, we can subtract the minimum CARS

signal (the dip below baseline at the higher frequency Raman shifts) from the peak

of the CARS signal. If we plot this difference as a function of concentration, we see a

clear transition from quadratic to linear scaling. This also provides a measure of the

absolute sensitivity limits of our system.

The dilution data can be processed using the Kramers-Kronig retrieval algorithm

to attempt to recover the spontaneous Raman spectrum [54]. To ensure that a self-

consistent nonresonant background is recorded, a piece of glass is kept in the field

of view during the spectral recording. This ensures that any noise due to the PCF

is the same for both the nonresonant and resonant signals. This was found to be

critically important for proper retrieval as the PCF can drift if subsequent spectral

scans of different fields of view are required. It is also important to establish a proper

baseline for the retrieval. For our system, the Stokes pulse is blocked for the first
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Figure 3.18: (a) CARS spectrum of DMSO diluted in d-DMSO. Concentrations listed
are for percentage of DMSO. Inset shows magnified view of lowest concentration
samples (b) For each spectral scan, the minimum CARS signal (the dip below baseline
due CARS spectral reshaping) is subtracted from the spectral maximum. This peak-
to-valley signal is plotted on a log-log plot of signal versus concentration. The overlaid
trend lines are the expected behaviour for high concentrations of resonant material
(quadratic) and for low concentrations of resonant material (linear).

few data points of any spectral scan. This allows a direct measure of the incoherent

background signal that contributes to all images (this is due to leakage of the pump

as well as scattered room light). The background is subtracted from all data points

before processing with the algorithm (the background is measured for the resonant and

nonresonant signals separately). The results of the retrieval are shown in Fig. 3.19.

The retrieved Raman spectrum agrees well with the measured Raman spectrum of

DMSO except for the case of neat DMSO (purely resonant signal). This is thought

to be due to a lack of dynamic range in the system as the destructive interference

on the blue side of the resonance is not properly resolved and is subject to bit noise

errors.

The retrieval algorithm appears to work well for our system. By retrieving the
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Figure 3.19: (a) Two unprocessed CARS spectra and their Raman spectra recovered
using the Kramers-Kronig retrieval algorithm for two different DMSO concentrations.
For a neat DMSO sample, the retrieval algorithm does not function perfectly. (b)
Retrieved Raman spectra for different concentrations of DMSO.

spontaneous Raman spectrum from the CARS spectrum, it allows us to make quanti-

tative comparisons between results acquired under different experimental conditions.

For neat samples where there is no contribution to the CARS spectrum from the

nonresonant background, the algorithm does not function well. For most practical

samples where the nonresonant background is present, this is not likely to be a con-

cern.

3.6 Towards Fingerprint Imaging

Practical imaging in the fingerprint region of the Raman spectrum (500-1700 cm−1)

was one of the first stated goals during the development of CARS microscopy [8, 92].

Unfortunately, many of the molecules of interest in biomedical microscopy are present
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in low concentrations and are thus difficult to detect. Furthermore, in many sam-

ples, the fingerprint region of the Raman spectrum has many peaks and interfer-

ence between peaks makes interpretation of CARS spectra difficult. Nonetheless,

there have been successful demonstrations of CARS imaging in the fingerprint region

[53, 66, 90, 118, 119]. This has motivated us to implement fingerprint imaging using

our multimodal CARS microscopy setup.

Implementation 3 is modified to enable imaging in the fingerprint region. The

output of the PCF has been shown to be relatively insensitive to the input wavelength

as long as the pulse length and average power are kept constant [103]. Thus, by simply

tuning the center wavelength of the Ti:Sa laser, we change the spectral window of

Raman active vibrations that we can probe. For example, with the Ti:Sa centered at

826 nm, it is possible to probe Raman shifts ranging from 2400 cm−1 to 3600 cm−1.

With the pump laser centered at 926 nm, we can probe from 1100 cm−1 to 2300

cm−1. To quantify which Raman shifts can be probed with our setup, we measure

the Stokes wavelength emitted from the PCF as a function of input wavelength.

Three representative Stokes spectra are displayed in Fig. 3.20 for different pump laser

conditions: 810 nm pump center wavelength with 14.2 nm FWHM bandwidth, 850 nm

pump center wavelength with 14.6 nm FWHM bandwidth and 900 nm pump center

wavelength with 14.7 nm FWHM bandwidth. For each input condition, 200 mW of

power is coupled into the fiber. The fiber output is recorded using an optical spectrum

analyzer (OSA) after the visible portion is filtered. As can be seen, the structure of

the Stokes spectrum is altered, but the center wavelength and bandwidth do not

change significantly as the input wavelength is adjusted. This allows us to choose a

spectral scan range of interest ranging from 1100-4000 cm−1, both for imaging and
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microspectroscopy.
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Figure 3.20: Pump spectra and the corresponding Stokes output from the PCF. The
Stokes pulses are filtered to block all visible light below 800 nm before being measured
using an OSA. A sample Raman shift (ΩR) that could be probed with the pump and
highlighted Stokes wavelength is included. The pump center wavelengths and Raman
shifts are (a) 810 nm, 2880 cm−1, (b) 850 nm, 2200 cm−1 (c) 900 nm, 1650 cm−1.
Note, all the spectra have been scaled.

There are two serious complications to implementing fingerprint imaging: First,

the sensitivity of the PMT is much lower at these anti-Stokes wavelengths and this

limits the effective Raman shift that can be probed. Second, the pump spectrum is

roughly Gaussian and the high energy tail of the spectrum overlaps the generated

CARS signal. This is technically true when using CARS microscopy to study lipids.

It is much more problematic when imaging in the fingerprint region, however, because

the detected anti-Stokes colour is much closer to the pump frequency than it is for the

case of lipid imaging. To eliminate this background signal, the pump must be filtered

before the microscope. We find that the efficiency of the PCF does not change as a

function of pump wavelength, however, the infrared portion of the output increases

substantially (and the visible portion decreases). This provides higher powers in

the Stokes beam used for microscopy. For most experiments with this setup, power

measured before the microscope is 25 mW for the Stokes and 150 mW for the pump.

The final setup used can be seen in Fig. 3.21.
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Figure 3.21: Pulses from the Ti:Sa oscillator are sent through a prism compressor.
A variable beam splitter made by a half-wave plate (HWP) followed by a polarizing
beam splitter (PBS) is used to divide the beam. One arm is sent through a photonic
crystal fiber (PCF), bandpass filter (BP), then a HWP before being sent through
a 5 cm block of SF6. The other arm is sent through a longpass filter (LP) and a
variable attenuator. The pump and Stokes are recombined on a second bandpass
filter (BP). The angle of the BP in the diagram has been increased relative to the
experimental conditions for clarity. After recombination, the beams are sent through
a 10 cm block of SF6 glass. Depending on the wavelengths used and the Raman level
probed, additional bandpass filters are inserted before the microscope.

Plant material provides excellent test samples for imaging in the fingerprint region.

Lignin forms the cells walls of some plants and wood and has been previously imaged

using CARS microscopy [118]. Lignin has an isolated, strong Raman peak at 1600

cm−1 and is a dense biopolymer that is easily localized. Both of these characteristics

favour CARS imaging. Figure 3.22a presents a thin slice of maple wood in water

where we observe lignin in the cell walls [120] using CARS microscopy. Carotenoids

in pollen are known to have a strong Raman peak at ∼1530 cm−1 [121] and offer a

second test sample for fingerprint imaging. An image of African violet pollen is shown

in Fig. 3.22b where again the sample can be easily visualized. Both of these images

demonstrate that our setup can be used for successful imaging in the fingerprint

region.
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Figure 3.22: Sample images of plant material taken in the fingerprint Raman region.
(a) Lignin imaging in maple wood at a Raman shift of 1600 cm−1. The cell walls are
clearly visible. (b) African violet pollen. Image is taken at a Raman shift of ∼1530
cm−1 and is most likely imaging carotenoids. Scale bar for both images is 20 µm.

With a fixed Stokes spectrum, CARS imaging is restricted to Raman shifts >1100

cm−1 because of the detection limit of our PMT. The Stokes spectrum can be mod-

ified, however, by reducing the power into the PCF. This reduces the total shift

that occurs in the fiber while simultaneously reducing the broadening of the Stokes

spectrum. While the overall efficiency of the PCF is approximately constant, this

leads to a decrease in the total Stokes power available. This is somewhat offset by

the narrower Stokes spectrum because it more efficiently probes Raman mode being

investigated than a broad spectrum. For imaging at Raman shift below 1100 cm−1,

the Stokes spectrum must be targeted for the specific application. An example target

Raman shift is the 960 cm−1 shift of hydroxyapatite in bone [122]. The process of

bone mineralization (the formation of hydroxyapatite) is not well understood and is

important in the study of both disease and the design of biomedical implants [123].

A recent paper has demonstrated some initial studies of hydroxyapatite deposition
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using CARS microscopy [119], however, CARS imaging was of bone precursor mineral

deposits.

For our setup, by lowering the input power into the PCF to generate a Stokes

spectrum centered at 1004 nm while using a pump wavelength of 917 nm, it is possible

to image hydroxyapatite directly in macroscopic bone samples. For these images,

the Stokes power measured before the microscope is 8 mW and the pump power is

150 mW. A sample multimodal image of a beef bone is shown in Fig. 3.23a. SHG,

TPEF, and CARS can all be simultaneously recorded from this sample and image

distinct features in the bone. To test the effective Raman window that can be probed

with this arrangement, a CARS spectrum of nitrobenzene was recorded (Fig. 3.23b).

Using the retrieval algorithm described above, we see that the Raman spectrum from

a neat solution can be recovered from 850-1800 cm−1. This suggests that even with

a modified Stokes pulse, a broad range of Raman shifts can still be probed.

By tuning the laser center wavelength and choosing the power directed into the

PCF, it is possible to extend the effective range of Raman shifts we can probe into

the fingerprint region. This requires more beam conditioning before the microscope,

but remains relatively straightforward to implement while maintaining our ability to

utilize SHG and TPEF microscopy. While not mentioned here, we expect this setup

will allow for further studies of cellulose and starch (see chapter 8 for a description of

our previous work) while enabling investigations of new sample types such as plant

material and bone. For all of these materials, the combination of spectral-scanning

CARS microscopy with other imaging modalities will allow for more complete char-

acterizations of the samples.
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Figure 3.23: (a) A sample image of a beef bone. Red is CARS imaging at 960 cm−1,
green is TPEF and blue is SHG. Scale bar is 10 µm. (b) Using the lower power
and narrow spectrum output of the PCF for bone imaging, a CARS spectrum (in
black) is recorded for nitrobenzene. A nonresonant background taken from glass is
simultaneously recorded. Using the nonlinear Kramer-Kronig transform, the Raman
spectrum of nitrobenzene is recovered. Using the modified Stokes, it is possible to
perform imaging for Raman shifts from 850 to 1800 cm−1.

3.7 Conclusion

Optimal performance for CARS microscopy requires using laser pulses of variable

spectral width in order to match the effective pulse bandwidth to the Raman mode of

interest. This can be achieved using chirped fs pulses. If the Stokes bandwidth is much

larger than the pump bandwidth, chirped pulses allow for spectral scanning simply by

changing a time delay between the pump and Stokes pulses. In our setup, we achieve

this by using a PCF to generate a broadband Stokes pulse that is automatically

synchronized with our pump pulse. By tuning the laser center wavelength, we are

able to scan Raman shifts ranging from 850-4000 cm−1. A further advantage of using

chirped pulses is that it is possible to compromise CARS performance in favour of

another optical imaging technique such as SHG or TPEF. This allows for multimodal
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imaging of samples. As is illustrated in many of the applications we have investigated

(see chapter 8), this allows for a more complete understanding of our samples than

would be possible utilizing only one imaging technique.



Chapter 4

FLIM-CARS Microscopy1

For some CARS microscopy applications, the signal levels are fairly weak and we

expect less than one photon per laser pulse. Imaging can be performed using a

PMT, but other detectors can be utilized at these count rates. One option is to use

single-photon avalanche photodiodes (SAPDs) which offer similar gain to PMTs but

are capable of resolving the arrival time of the photons. While this is not particu-

larly useful for samples where only the CARS response is of interest, in multimodal

microscopy knowledge of the photon arrival time can be used advantageously. For

example, if TPEF is utilized, fluorescence lifetime imaging microscopy (FLIM) can be

performed using time-correlated single photon counting (TCSPC) where the arrival

times of individual photons are recorded. By building a histogram of arrival times, it

is possible to accurately determine the fluorophore lifetime [124, 125]. The lifetime of

a fluorophore can provide information about its local chemical and dielectric environ-

ment [126, 127]. One illustration of the utility of this information is using FLIM to

measure Förster resonance energy transfer (FRET) interactions which are sensitive

1Aaron Slepkov provided the figures for this chapter.
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to molecule-molecule interactions on the sub-10-nm length scale [124, 128]. We wish

to combine FRET with CARS to study protein interactions around lipid droplets

as part of our ongoing work on Hepatitis C (see chapter 8 for more information).

The first step to achieving a microscope capable of simultaneous FRET and CARS

is to achieve simultaneous FLIM and CARS. This has been recently demonstrated

by the Huser group [129, 130]. This study demonstrated that because CARS is an

instantaneous process, it can be effectively time-gated from the relatively long flu-

orescence lifetime. This provides a method of distinguishing CARS signals from a

nonresonant background due to fluorescence when using a single detector. The dif-

ficulty in implementing this approach is that SAPDs have a very small active area,

necessitating a descanned signal that can be stably focussed onto the active area of

the detector independent of scan position. This generally means that epi-detected

signals must be utilized. As mentioned in chapter 2, there are epi-directed signals in

CARS microscopy, however, they tend to be much weaker than the forward directed

signal. Especially for thin samples where forward collection is possible, requiring epi-

detection is a handicap on efficient CARS imaging. One option is to use a mirror

in the forward beam path to direct the CARS signal back to the SAPD such that

it will arrive at a known time delay [130]. This presents challenges because there is

inevitable loss as well as difficulty maintaining calibration across the sample.

One approach to overcoming this difficulty would be to descan the forward di-

rected signal using a second set of galvanometer driven mirrors. This places stringent

requirements on the alignment of the system and would require careful alignment

of the collection objective. This would make it more difficult to freely translate the

sample. Another option is to collect the forward directed signal with an optical fiber
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which could then be directly coupled to a SAPD. This second approach offers numer-

ous advantages. The coupling conditions of the fiber reject light not directed along

the optical axis of the microscope, greatly reducing the influence of scattered ambient

light. The fiber can be used to direct the forward signal to different detectors beyond

SAPDs, such as PMTs or spectrometers. These detectors can be located away from

the microscope, making the assembly more user friendly and less cluttered. It is pos-

sible to easily switch between detectors without realigning the microscope and this

makes diagnostics (such as those detailed in chapter 3) effortless. While the advan-

tages are numerous, there are challenges to implementing such a fiber-coupled design.

A nondescanned beam must be coupled into a fiber without positional dependent loss

of light that could distort the image. For FLIM, the timing of the photon arrival

cannot be skewed by modal dispersion in the fiber to such a degree that it is impos-

sible to achieve an accurate measure of the lifetime. This second challenge has been

a detriment in a previous attempt at using a nondescanned fiber coupling scheme

for TCSPC detection [131]. Fiber bundles have been used as a compromise solution,

but still suffer from difficulties such as temporal skewing that depends on pixel po-

sition [132, 133]. Our approach uses an adapter with a single-core multimode fiber

and is able to achieve relatively high coupling efficiency without significant temporal

broadening. This allows simultaneous FLIM and CARS microscopy using a SAPD.

We test this by using time-gating as a contrast mechanism for CARS over fluorescent

background. This system shows promise for future use in CARS-FRET imaging.
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4.1 Optics Design

The laser system and general layout were described in chapter 3. The forward prop-

agating signal in the microscope is collected by a 0.55 NA long-working-distance

condenser. The fiber-coupling adapter is placed on top of the condenser and can be

removed for bright field and DIC imaging. The design relies on relay imaging of the

“aperture” conjugate plane onto the fiber face. In a confocal microscope, there are

two important sets of conjugate planes, the image planes and the aperture planes.

The image planes correspond to the plane where the sample is placed. In these planes,

an image will be in focus, or in CLSM, the laser will be focused to a point and will

be scanned in space. This plane corresponds to where an imaging CCD or photo-

graphic plate would be placed. The aperture planes correspond to the back aperture

of the objective. The laser is collimated in this plane and does not appear to move

(although the incoming angle of the beam is changing). The aperture plane is where

the surface of a PMT should be placed. The simplest transform from one plane to

another is to pass the light through a focusing lens of focal length f with one plane

located at a distance −f and the other at +f relative to the lens. This can be easily

understood using ABCD matrices and ray optics [134] (note, these equations allow

for a beam of zero diameter which is not physically possible and we will ignore this

error). In ABCD ray matrices, x1 is the initial distance from the optic axis and α1

is the angle of the ray. After passage through the optic assembly, we are left with x2

and α2. Using the simple lens formula and assuming we start a distance f from the

lens and measure a distance f after the lens, we find:

x2 = fα1 (4.1a)
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α2 =
−x1

f
(4.1b)

If we start with a point source, we finish with a collimated beam with all rays

traveling at the same angle defined by the point source displacement from the optic

axis. Alternatively, if we start with collimated beams travelling at different angles, we

get focused points in a plane where the displacement of the point from the optic axis

depends on the incoming angle. This is the key to efficiently coupling into the fiber

without introducing position dependent loss across the image. The aperture plane

(i.e. collimated beams) is relay imaged onto the face of the fiber. If the beam diameter

is smaller than the fiber core, it is able to couple into the fiber without substantial

loss. To ensure the light is efficiently guided by the fiber, the fiber must support

an incoming NA that accommodates the angle of incidence of all of the incoming

collimated beams. This can be accommodated by the correct choice of lens size and

placement above the condenser to ensure efficient coupling without loss. The optical

layout is shown in Fig. 4.1.

The scan lens (the entry plane on the left of Fig. 4.1) sets a maximum image plane

size of 22 mm. The 40X objective focuses the incoming beams to a maximum size

of 550 µm at the sample. The condenser is a dual lens system where the collimated

beams in the “infinity space” are between the lenses (this is where filters are sometimes

placed in the condenser). From the condenser, the beams are focused to a 2.5 mm

(maximum) image plane. A 3.1 mm focal length aspheric lens (Thorlabs C330TME-

A) collimates the beams and transforms the image plane to an aperture plane at

the face of the fiber (Thorlabs FT600EMT, 600 µm core, 0.39 acceptance NA). The

beam waist at the fiber face is, at most, 550 µm, which is within the fiber core size

of 600 µm. To calculate the necessary fiber NA, we assume a spot at the edge of the
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Figure 4.1: (a) A simplified view of the optical transfer that occurs in the microscope.
From the sample plane, the condenser refocuses the light in a larger field of view. This
field of view is transferred to the fiber face. The incoming beams are collimated and
all intersect at the fiber face with a NA less than the input NA of the fiber. (b) A
photo of the adapter removed from the condenser. (c) A photo of the adapter on
the condenser. Various filters can be inserted prior to the aspheric lens to assist with
contrast.

image, 1.25 mm removed from the optic axis. This corresponds to an incoming angle

of 21.9 degrees which would correspond to a NA of 0.37. The fiber we chose has a

0.39 input NA and should allow all of the incoming light to be efficiently guided to

the detector. This assumes ideal alignment with no abberations and with infinitely

large optics that will not clip the beam at any point. Any imperfections will be most
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evident at the edge of the image. For example, if the fiber face is placed 1 mm away

from the optimum position, there will be significant loss (∼ 20%) at the extremity

of the image while the center of the image would likely suffer little to no loss. This

would also likely excite higher order modes that may lead to temporal broadening.

One advantage of this approach over descanning the forward directed beam using

a second objective and galvanometer driven mirrors is that alignment is relatively

insensitive to small changes in the distance of the sample from the condenser.

To test whether we can achieve the idealized coupling described above, several

experiments were performed. First, it is possible to replace the fiber on the adapter

with a PMT such that coupling losses can be neglected. Since this position is in

the infinity space with collimated beams, there is a greatly reduced possibility of

a variability of the PMT surface response leading to erroneous conclusions. This

approach has the advantage that it allows a direct comparison of the detected light

for an entire image (both distortion and transmission) by using the same PMT for

both measurements. If a fluorescent sample is used for the test, it is further possible to

compare the built-in epi-detected channels with the forward-propagating signal. The

results of the tests described above are shown in Fig. 4.2. The sample used is African

violet pollen in water. Figures 4.2a–4.2c show direct comparisons of the forward-

propagating signal detected by a PMT (Fig. 4.2a), the forward-propagating signal

detected through the fiber (Fig. 4.2b) and the epi-detected signal detected by the

internal PMT (Fig. 4.2c). It is apparent that fiber collection distorts the periphery of

the image when compared to direct PMT measurements in either the forward or epi-

direction. While not obvious from the images, the absolute signal level at the center

of the image is reduced by ∼ 50%. This can be seen in Fig. 4.2d which was created
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using a sample of dilute fluorescein in water. First an image of the sample is collected

using the PMT in place of the fiber coupler and then the same image is recorded

using the fiber coupler and the same PMT settings. Figure 4.2d is a direct division

of the fiber coupled image by the direct PMT image. The comparison demonstrates

that there is a field of view of ∼ 90µm diameter in the center of the image where

there is no perceptible distortion. It should also be noted that, while not discussed

in the literature, for many microscopes the CARS signal does not extend over the

entire field of view because chromatic abberations prevent the pump and Stokes from

being focused to the same point as they are scanned off axis (most objectives are at

most corrected for up to 900 nm light). This effectively restricts the field of view for

CARS imaging and negates some of the image distortion effects of the fiber.

As mentioned above, the fiber coupling apparatus allows only light which is effi-

ciently coupled into the fiber (correct size and incoming NA) and thus rejects some of

the scattered room light. When the fiber is replaced with the PMT, scattered back-

ground light overwhelms any measurable signal unless the microscope is well shielded

and the room lights are turned off. Conversely, for many samples, when fiber coupling

is used, turning off the room lights makes no noticeable difference in image contrast

and the need for shielding is greatly reduced. This reduction in scattered room light

increases system ease of use.

While the relatively manageable image distortion allows the adapter to be used

in a wide variety of experiments, for TCSPC based FLIM and FRET, photon arrival

times must not be skewed if the adapter is to prove useful. This is best characterized

by measuring the instrument response function (IRF) for each pixel in the image.

The IRF is measured by using a process that is instantaneous on the time scale
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Figure 4.2: Testing image distortion due to fiber coupling. (a) A fluorescence image
collected in the forward direction with a PMT placed where the fiber face would
normally be in the adapter. (b) The same fluorescence sample with the image collected
in the forward direction through a fiber. The image is visibly distorted. Maximum
signal is reduced by ∼ 50%. (c) An epi-detected fluorescence image of the same field of
view. (a) and (c) are similar. (d) Using a dilute fluorescein sample, the TPEF signal
collected in the forward direction under the same conditions as (a) and (b). The two
resulting images are divided, demonstrating that the center lobe of the field of view,
with a diameter of ∼ 90µm, has an uniform transmission loss and no aperturing. The
outer portion of the field of view does suffer some aperturing.
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of the detector and can be deconvolved from the experimental data to allow more

accurate timing measures. In most TCSPC applications, the IRF is measured once

for an on axis object and used as global parameter for deconvolution of every pixel.

Previous experiments with multimode fibers [131] and fiber bundles [132], however,

have indicated that when using fibers the IRF broadens and shifts as a function of

coupling angle (and hence position in the specimen). For our system, CARS provides

an ideal source for an instantaneous signal that can be used to map the IRF across

the entire field of view of a typical sample. To measure the change of the IRF, first

an epi-detected, fiber coupled TCSPC system was constructed by directing the signal

after the confocal pinhole to a fiber coupling apparatus. This was used to confirm

the TCSPC system was functioning appropriately and to calibrate against known

samples. Since the epi-detected signal is descanned, it is coupled along only one path

and thus there is no significant broadening or shifting of the IRF across the image.

It is simple to replace the fiber from the epi-directed signal with the fiber from the

adapter in the forward direction and to map the IRF as a function of position in

the system. The results of this measurement on neat octadecene are presented in

Fig. 4.3. Since previous results with fiber bundles have indicated that photon arrival

time is shifted and broadened depending on the incoming NA, it is sensible to divide

the imaging area into radially symmetric regions corresponding to different coupling

angles to the fiber. The different regions used are highlighted in Fig. 4.3a. Because

of a synchronization error when this data was acquired, the image appears off center;

however, other diagnostics indicate this is not the case, so the regions were chosen

with respect to the center of the CARS signal and not the center of the field of view.

Figure 4.3b shows the average IRF for the different regions chosen. The maximum
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Figure 4.3: Measuring the IRF of the forward-directed signal using CARS microscopy.
A sample of pure octadecene is probed on resonance (∼ 2850 cm−1) and the signal
is collected in the forward direction. (a) The intensity distribution of the collected
signal. Overlaid on this is the different regions used to compare the IRF of the system.
(b) The IRF of the different regions shown in (a). The IRF peak position varies by up
to 50 ps and the width changes by less than 17 ps (for comparison, region R1 has a
width of ∼ 200 ps). The second peak at ∼ 9.3 ns is due to a reflection in the system.
(c) A map of photon arrival times. This is generated by using the average IRF from
region 1 to define the zero time point. All pixels are measured relative to this time.
The colour bar is in ns.

signal delay between the central region and the outermost region is only 50 ps, which

is only slightly larger than the 32 ps bin width resolution of the system. The IRF

width is only broadened by at most 17 ps, which is relatively insignificant compared

to the 200 ps width of the on axis measurements. The variability of the IRF center

position across the field is shown in Fig. 4.3c. The center region is chosen as zero

arrival time and all other pixels are coloured corresponding to their calibrated arrival

time. Such a map could be used for pixel by pixel image deconvolution rather than

using a single IRF for every pixel. This would compensate some of the side effects of

the fiber coupler.

The temporal broadening demonstrated here is less than has been reported with

either multimode fibers [131] or fiber bundles [133]. While we have not conclusively

determined the reason, it is possible to speculate as to why this implementation offers
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superior timing fidelity. For the fiber bundle, photon propagation was modeled as if

the bundle acts like a glass rod and that the light is guided by total internal reflection.

In this case, it is straightforward to derive an expression for the difference in photon

arrival time for a ray at the maximum allowable in coupling angle versus a ray on

axis [132]:

∆t =
nl

c

 1√
1− NA2

n2

− 1

 (4.2)

where n is the index of refraction, l is the length of the glass, c is the speed on

light in vacuum and NA is the incoming numerical aperture. This has been found

to accurately model the temporal dispersion in a fiber bundle [132]. In our case, for

a 2 m long fiber with n=1.457 and an acceptance NA of 0.39, this would predict a

delay of 370 ps which is much greater than our measured delay. For a multimode

fiber, waveguide dispersion should be a more accurate measurement of the temporal

delay than a solid glass block. Calculating the different modes is complicated, but

the maximum dispersion between modes can be estimated as [135]:

∆t =
ncorel

c

δ

1− δ
(4.3)

where ncore is the index of refraction of the fiber core, l is the length of the fiber

and δ is difference of the index of refraction of the core and cladding. For the fiber

used here, δ=0.053 and the maximum time delay is estimated to be 270 ps. This is

similar to the estimate given by equation 4.2 which is to be expected. This assumes,

however, that every mode of the fiber is excited equally and this seems unlikely. In a

step index fiber, the total number of modes is given by [135]:
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M =
2πa(NA)

λ0

(4.4)

where a is the radius of the fiber core and λ0 is the wavelength of light in vacuum.

For the fiber used here, more than one million modes are possible with many of them

highly structured. Given that we use collimated, Gaussian beams impinging on the

fiber face, most likely only a small subset of the total number of modes are excited

and thus temporal dispersion is limited.

4.2 Imaging Results

As mentioned above, TCSPC can be used to time-gate a fluorescence and instanta-

neous process such that a single detector can be used to record CARS and TPEF

signals simultaneously [129]. Our adapter can be used for similar experiments and

sample results can be seen in Fig. 4.4. The sample is a suspension of octadecene oil

dispersed in water that has fluorescein dissolved in it. The CARS and fluorescence

signal intensities are similar and difficult to distinguish. For each pixel, the photon

arrival times are recorded using TCSPC. Since CARS is an instantaneous process, it

temporally overlaps the IRF. This overlap is discernable as a change in the magnitude

of the IRF. The fluorescence signal decays with an exponential decay of 3.4 ± 0.3 ns.

Figure 4.4a shows two sample photon arrival time histograms, one for a CARS region

and another for a fluorescence area. To extract the CARS signal, a 300 ps window

around the center of the IRF is integrated and plotted in Fig. 4.4b. The remainder

of the temporal response can be integrated to isolate the fluorescence response and

this is shown in Fig. 4.4c. In the upper right corner of the field of view, an air bubble
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demonstrates neither positive contrast for CARS nor fluorescence. This technique

offers an alternative approach to FM-CARS for removing a fluorescent nonresonant

background signal.

For future work and to demonstrate simultaneous CARS and FRET imaging,

simultaneous two fluorophore FLIM and CARS imaging is a necessary step. This was

performed on live HuH-7 liver cell stained with Hoechst3342 (Hoechst) and DiOc6(3)

(DiO). Hoechst is known to concentrate in the nucleus while DiO primarily targets the

cell endoplasmic reticulum in the cytoplasm. CARS was tuned to image lipid droplets.

For this experiment, the CARS image was collected on a PMT using spectral filters

instead of using time-gated detection for ease of use. The fluorescence was collected

in the epi-direction (the descanned signal was fiber coupled and sent to a SAPD).

The CARS image is shown in Fig. 4.5a. The FLIM image in Fig. 4.5b is colour

coded to indicate lifetime and the colour intensity indicates integrated signal. The

fluorescence lifetime measured in the nucleus is 1.6± 0.4 ns which is in good agreement

with previously reported values for Hoescht [136]. In the cytoplasm, the fluorescence

lifetime was found to vary from 0.4 ns to 1.0 ns, presumably varying depending on

the local chemical environment. The measured lifetime is distinctly different from the

nucleus, giving clear and unambiguous contrast based on fluorescence lifetime. These

results lead us to believe that we should be able to perform simultaneous CARS and

FRET imaging.

4.3 Conclusion

For many applications using CARS multimodal imaging, TPEF provides a beneficial

contrast mechanism. The absence or presence of a TPEF signal is only the most
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Figure 4.4: Time-gated F-CARS and FLIM imaging on a single detector. The sample
is comprised of oil droplets in an aqueous fluorescein solution. (a) TCSPC timing
histogram of the two regions of interest marked in (b) and (c). The two temporal
integration windows used to form the images in (b) and (c) are shown. (b) Image of
all photons arriving in the vicinity of the IRF peak, representing CARS signals from
the oil. (c) Image of all photons arriving between 500 ps after the IRF peak and
the end of the laser repetition period, representing TPEF signal from fluorescein. A
FLIM analysis in (a) yields a lifetime of 3.4 ± 0.3 ns for fluorescein. The blue circle
in the upper right corner of both images is identified as an air bubble. For (b) and
(c) colour scales from blue (low) to red (high) with the figures independently scaled
for contrast.
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Figure 4.5: Simultaneous multichannel CARS + FLIM imaging of live HuH-7 cells.
(a) F-CARS image collected through a multimode fiber. (b) Epi-collected FLIM
images showing spatial segregation of the Hoechst and DiO stains. Average Hoechst
lifetime in the nucleus is 1.6 ± 0.4 ns and that of the DiO in the cytoplasm is sub
1 ns. In the CARS channel, a 650 ± 30 nm bandpass filter is placed between the
condenser and the fiber.

basic information available, the fluorescence lifetime provides additional information

that can be utilized to characterize the local environment of the fluorophore. One

technique to extract this lifetime information is TCSPC-based FLIM. This system

can be used to discriminate CARS and fluorescence signals and should allow for

simultaneous FRET and CARS imaging of samples. One possible difficulty with such

a system in the future experiments is that SAPDs can only be utilized with relatively

low photon count rates. If the count rate is too large, some photon arrivals are missed

due to dead time in the detector [1]. While this was not a problem for the results

presented here, it may be a problem in other samples where the CARS and TPEF

signals are high (e.g. some tissue samples have very strong signals). It such cases, it

may be possible to use frequency domain FLIM techniques which have been shown
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to allow for higher count rates [137]. For frequency domain FLIM, a lock-in detector

is used and the phase shift of the detected signal is indicative of the fluorescence

lifetime. The CARS signal in this framework should occur at zero phase delay. Using

our fiber adapter system, it should be possible to switch seamlessly from a SAPD

to a PMT or vice versa depending on the sample. This should allow us to image

effectively in a wide variety of samples.



Chapter 5

All-Fiber CARS Microscopy

5.1 Introduction

The “optimal” laser source for CARS microscopy in terms of performance was intro-

duced in chapter 3. That discussion, however, neglects some practical considerations.

Free-space lasers such as synchronized ps mode-locked solid-state oscillators [95], or

synchronously pumped ps OPOs [96] are inherently more complex than single laser

sources. Using highly nonlinear fibers to generate the second colour for CARS mi-

croscopy offers one method of simplification. One possible implementation of this

technique is to use a high power picosecond oscillator combined with highly doped

fibers for broadband Stokes generation for use in M-CARS [138]. Another success-

ful approach is to use PCFs and a single fs oscillator [104–108] for either CARS or

M-CARS. As was shown in chapter 3, such a system can be augmented by the use

of chirped pulses, such that it permits a successful multimodal CARS microscope

that achieves optimal CARS performance while simultaneously recording TPEF and

86
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SHG signals. All of these aforementioned systems rely on free space lasers that gen-

erally require a stable environment or active feedback, whereas an all-fiber source

could presumably be used in less favourable environments while being more compact

and concurrently reducing eye safety risks to surrounding personnel. Fiber lasers

are also of interest because of the ease with which they can be combined with en-

doscopy, which would greatly increase the utility of CARS microscopy for pre-clinical

applications and tissue imaging [139], although for CARS processes, the design of

the endoscopic delivery system is not straightforward because FWM processes in the

fiber can generate a CARS signal if pump and Stokes are copropagating in a single

fiber [140]. Given these advantages, there is continuing interest in using fiber lasers

for CARS microscopy, for example, by replacing the pump of free-space OPO [141].

All fiber pump and Stokes generation was successfully demonstrated for microspec-

troscopy [142] and for ps CARS imaging, when combined with free space components

for doubling [143]. A recent development has been the use of programmable fiber

lasers for CARS microscopy [144]. All of the above systems, with the exception of

the recently demonstrated programmable laser source, rely on some free-space com-

ponents for light generation. Below, we present a proof-of-concept system using only

fiber sources for light generation.

For the results presented in chapter 3, a two ZDP PCF was used for Stokes

generation, as these can be relatively immune to input noise [103]. Unfortunately,

these PCFs require high pulse input energy (a few nJ/pulse). A new class of nonlinear

fibers, known as ultra-highly nonlinear fibers (UHNLFs) [145], require much lower

input energies and are therefore attractive for use with existing all-fiber oscillators.

A drawback of UHNLFs is that they are susceptible to modulation instability (MI)
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causing the timing and spectrum of the output pulse to vary [146]. This noise is

broadband, cannot be easily compensated for, and has detrimental effects on CARS

performance. There have been significant efforts in characterizing the source and

behaviour of this noise in supercontinuum and Raman shifting fibers [116, 147, 148].

In [116], pulses with slightly positive chirp and broad bandwidth were shown to reduce

the relative intensity noise. Furthermore, it was found that the relative intensity noise

is minimized for Raman solitons shifted to the red compared to those shifted to the

blue. This noise can be effectively eliminated by judicious choice of the input pulse

and design of the fiber parameters such that the soliton fission length is less than the

modulation instability length: 0.57τFWHM(β2γP0)
−0.5 << 16(γP0)

−1 where τFWHM

is the input pulse temporal full width half maximum, β2 is the dispersion of the fiber,

γ is the nonlinear coefficient of the fiber and P0 is the peak power of the pulse [148].

It is clear that the fiber design is an integral part of the overall system design for

noise-free operation. Using an UHNLF in an arrangement similar to our PCF-based

multimodal CARS laser system, we demonstrate multimodal CARS microscopy of

live cells at ∼1 frame/sec using only fiber sources for light generation.

5.2 Implementation

Figure 5.1 depicts the all-fiber arrangement for multimodal CARS microscopy. A

Femtolite FX-100 (IMRA America Inc.) with an output of 110 mW average power at

76 MHz repetition rate (810 nm center wavelength and 125 fs FWHM pulse duration)

was used as the primary pump source. For efficient Stokes generation, an UHNLF

was used in place of a standard PCF. The UHNLF was ∼ 40 cm long and had

a slightly elliptical core diameter of ∼ 1.27 µm. The core was suspended by glass
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Figure 5.1: All-fiber CARS microscopy arrangement. The fiber pump pulse is split
using a half-wave plate (HWP) and polarizing beamsplitter (PBS). Part of the beam
is sent to an UHNLF to generate the Stokes pulse. The Stokes and pump can both
be chirped using blocks of SF6 glass before recombination on a dichroic mirror (DM).
The combined beams are sent to the microscope. Left inset is a SEM image of the
end face of the UHNLF. Right inset are the spectra of the pump and Stokes (Stokes
scaled by 50 times) pulses.

webbing with strands of ∼ 90 nm thickness. A SEM image showing the cross section

of the fiber is presented as an inset in Fig. 5.1. The UHNLF had a loss of ∼ 28

dB/km at 1550 nm and ∼ 320 dB/km at 1390 nm (OH absorption region). Over the

relevant wavelength region (775-1050 nm) loss was < 0.1 dB/km. The zero dispersion

wavelengths were at 664 nm and 1.628 µm and the nonlinear coefficient was γ ≈ 140

W−1km−1 at 1.05 µm. The UHNLF was spliced to a single mode fiber at both the

input and output in order to improve coupling and to safeguard the fiber face against

damage.

The output of the fiber consisted of two redshifted solitons separated in time and

frequency. The soliton shifted further to the red was used as the Stokes pulse. The

other soliton was removed by a long pass filter. Alternatively, the desired Stokes

soliton could have been time-gated using the pump pulse. The center wavelength of

the chosen soliton can be tuned from 1000-1100 nm by adjusting the input power to
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the UHNLF using a half waveplate and polarizing beamsplitter combination. For the

experiments shown here, the Stokes spectrum was centered at 1053 nm so as to probe

the lipid Raman shift around 2850 cm−1. The spectra of the pump and Stokes are

shown in Fig. 5.1. These operating conditions correspond to coupling 25-35 mW of

power into the fiber. This achieved the necessary condition for stability, namely that

the soliton fission length is less than the modulation instability length [148].

Temporally stretching (i.e. chirping) both fs pulses enables optimization of the

performance for multimodal CARS microscopy. The output of the UHNLF was a near

transform limited Raman soliton, however, it passed through ∼ 10 mm of HI-1060

Corning single mode fiber followed by the collection optics, giving a slightly chirped

Stokes. The pump and Stokes chirp were further adjusted to approach optimum

characteristics using fixed blocks of SF6 glass. For the results presented here, both

arms passed through 5 cm of SF6 to yield ∼ 80 cm−1 spectral resolution (optimal

for lipid imaging in cells and tissue). This gave matched chirps for the pump and

Stokes beams to within the limits of the glass blocks available. After recombination

on a dichroic mirror, the power at the input to the microscope was ∼ 45 mW for

the pump and ∼ 1.5 mW for the Stokes. The microscope was the same as used in

the previous chapters.

5.3 Results

The all-fiber system was used for multimodal nonlinear imaging of tissue samples and

live cells. Two representative results are shown in Fig. 5.2. Both of these images

are the average of two scans, each using a 4 µs/pixel dwell time (512x512 pixels, 2

seconds per image). Figure 5.2a is a multimodal image of unstained rabbit arterial
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Figure 5.2: All-fiber multimodal images of biological samples. All signals were col-
lected simultaneously (4 µs/pixel, two frames averaged) (a) Aorta section from a 6
month old WHHLMI rabbit. Blue is SHG from collagen, green is TPEF from elastin
and red is CARS from lipids. Scale bar is 25 µm. (b) Live HuH-7 human hepatoma
cells which have been stained with Hoescht 33342. Green is due to TPEF from the
Hoescht stain and red is due to CARS from lipids. Scale bar is 7 µm.

tissue where the blue is SHG from collagen, green is TPEF from elastin and red is

CARS, tuned to 2850 cm−1 for imaging lipids. Figure 5.2b is an image of live Huh-7

human hepatocyte cells which have been stained with Bisbenzimide Hoescht 33342.

The green is TPEF from the stain and the red is from CARS, tuned to 2850 cm−1.

Both of these images clearly demonstrate the ability to perform multimodal imaging

of biological samples with an all-fiber system of this type.

To further characterize system suitability for live cell microscopy, we investigated

both short- and long-term system stability by recording extended time course scans

of live HuH-7 cells. The first and last frame of a sample time course are shown

in Fig. 5.3. Each frame was recorded with a 4 µs/pixel-dwell time (no averaging,

256x256 pixels, 0.3 seconds per frame) and one frame was taken every minute for two
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Figure 5.3: First and last frame from a two hour video taken of live HuH-7 human
hepatoma cells 4 µs/pixel, no averaging. Green is two-photon autofluorescence and
red is CARS, tuned to the Raman lipid stretch (2850 cm−1). A profile is included for
the first frame showing the CARS signal and contrast. Both frames have a slightly
contracted colour range to allow more image detail to be viewed. Scale bar is 7 µm

hours. The red channel is the CARS signal, tuned to the lipid 2850 cm−1 stretch,

and the green channel is due to two-photon autofluorescence. The profile included

for the first frame shows that the contrast of the CARS channel is better than 8:1.

To enhance the visibility of some details, the full colour contrast range was reduced

slightly in both images. This time course demonstrates that both the long and short

term stability of this all-fiber CARS microscopy system are sufficient for the imaging

of biological samples.

The spectral scan range of this system is limited compared to the free-space im-

plementations shown in chapter 3 due to the reduced bandwidth of the Stokes pulse.

However, this limitation can be removed by adjusting the input power to the UHNLF,

changing the Stokes center wavelength and thus extending the spectral scan range

from ∼ 2400 cm−1 to 3400 cm−1. To extend this range even further, the dispersion
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profile of the UHNLF could be changed to support a different set of Raman solitons.

For many cases of interest, however, sufficient Stokes bandwidth is achieved without

changing the center wavelength. For example, (not shown here) we performed CARS

spectral scans of methanol comparable to those presented in chapter 3 by adjusting

the temporal overlap of the pump and Stokes.

In order to further characterize this CARS imaging system, we used a RF spectrum

analyzer (Agilent N9320A) and a fast photodiode (Thorlabs DET10A) to measure

noise power spectra of both pump and Stokes sources. If MI was the major source

of noise, we would expect broadband white noise in the Stokes signal. In Fig. 5.4a

we present a noisy image of live HuH-7 cells (4 µs/pixel dwell time, no averaging of

scans). The green is TPEF from fluorescein, and the red is CARS imaging of lipids at

∼2850 cm−1. By Fourier transforming each scan line of the image (512 pixels), a noise

peak at 48 kHz is revealed. In Fig. 5.4b we present the spectrum of the Stokes noise

measured with the RF spectrum analyzer and with the photodiode at the output of

the UHNLF. Importantly, little broadband white noise is observed, indicating that

MI is not a major noise source in this system. Two sharp peaks at 48 and 68 kHz are

seen in the Stokes RF spectrum. These are assignable to the switching power supply

in our version of the Femtolite FX-100. This appears in the Stokes pulse train as both

spectral and timing shifts [146] which cause both the resonant and nonresonant CARS

signal to fluctuate and makes the noise apparent while imaging. The noise source was

intermittent and was only present for some experiments. As this noise source can be

permanently removed by simple power supply modifications, this system should be

able to meet the requirements of live cell microscopy. Finally, we note that both the

pump laser and UHNLF are polarization maintaining fibers and this is known to be
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Figure 5.4: (a) Multimodal CARS image with both signals collected simultaneously.
Green is TPEF from fluorescein and red is CARS tuned to observe the Raman stretch
of lipids at 2850 cm−1. There is a noticeable periodic noise source in the CARS image
(TPEF does not demonstrate the same noise). Scale bar is 5 µm. (b) RF spectrum of
the Stokes output of the UHNLF measured with a photodiode and electrical spectrum
analyzer. Two noise peaks are clearly visible at ∼ 48 kHz and ∼ 68 kHz. From
analyzing the images (Fourier transform of each scan line), it appears the the noise
source at 48 kHz corresponds to noise observed in the images. There is no evidence
of broadband white noise due to MI.

beneficial for long term environmental stability [149].

5.4 Discussion

PCFs are well known to exhibit broadband white noise due to MI under certain op-

erating conditions [116, 147, 148]. Given that any noise sources in microscopy can

greatly degrade image quality and performance, the choice of fiber and operating

conditions is of paramount importance. When using fs pulses and intensity levels

compatible with multiphoton microscopy, PCFs are a viable option, since it is possi-

ble to operate far away from the regime where fundamental quantum noise is greatly

amplified. Although technical noise is apparent in Fig. 5.4, there is no evidence of
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significant MI noise amplification which would otherwise prevent its use as a source

for microscopy. Further improvements to this system would be to replace the re-

maining free-space coupling optics with all-fiber coupling (most notably reducing any

in-coupling instability to the UHNLF). Another option for reducing technical noise

coupling would be to choose a fiber which has mode characteristics that saturates the

soliton red shift, as this has been shown to attenuate spectral power variations [150].

An all fiber system would present an attractive option for CARS endoscopy applica-

tions, however, maintaining the chirp as the pulses propagate through long stretches

of fiber and limiting high order nonlinear effects from affecting system performance

would be challenging and most likely call for fiber designed with a specific dispersion

profile.

An optimized version of the proof-of-concept system demonstrated here would of-

fer significant advantages to end users, namely compact footprint, better environmen-

tal stability, and low power consumption. While our proof-of-concept arrangement

included some free-space optics, these could be replaced with all-fiber components,

permitting development of a monolithic package in a single compact box. The output

power of the Stokes source could be the main limiting parameter of such a system.

This, however, did not prevent our imaging of tissue samples up to 50 µm thick, and

we speculate that using epi-detection, we would likely be able to image samples at

least 100 µm thick.

5.5 Conclusion

We have demonstrated a proof-of-concept all-fiber multimodal CARS microscope

based on a fs fiber pump and an UHNLF for Stokes generation. By adjusting the
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chirp of both the pump and Stokes fs pulses, we performed simultaneous SHG, TPEF

and CARS imaging. RF spectral analysis of the Stokes showed that the UHNLF was

operating in a regime where there is little broadband white noise present due to MI

at the frequencies relevant to scanning microscopy. This demonstration points to a

path for developing an all-fiber, compact, environmentally stable system useful for

multimodal CARS imaging outside of typical laser laboratory situations.



Chapter 6

Role of Gouy Phase Shift in CARS

Image Formation1

Image formation in coherent microscopies is more complicated than in the incoherent

case and this complicates the interpretation of images in the former. For example,

in fluorescence microscopy, the image is formed by the incoherent sum of all excited

emitters in the laser focus. There is no destructive interference nor a preferred di-

rection for emission, thus the image collected can be directly correlated to the actual

structure. For coherent microscopies, the image may not always accurately charac-

terize the sample. For example, in SHG microscopy of muscle tissue, images appear

highly structured, with many areas demonstrating no signal. This occurs despite

uniformity in concentration of the material being probed. The dark spots in the im-

age are caused by differences in the orientation of the muscle fibrils which lead to

destructive interference [151]. In CARS microscopy, similar concerns exist and are

further complicated by the presence of the nonresonant background. Understanding

1Konstantin Popov provided Fig. 6.3 and the simulation data for Fig. 6.4.
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Figure 6.1: (a) and (b) are CARS images of the same cells (HuH-7) taken with
slightly different focal positions. We find that the lipid droplets change from negative
to positive contrast relative to the nonresonant background depending on the axial
position of the focal spot. This change in contrast is highlighted by arrows on the
image.

image formation in CARS microscopy has been a central issue since the inception

of the field [20, 23, 24, 71, 72, 76]. None of the previous works, however, have ade-

quately explained a well-known CARS imaging artifact that occurs when a 3D image

is acquired. This artifact is easily identified by observing cells containing lipid drops.

At different focal depths, lipids drops can either be bright, demonstrating positive

contrast relative to the background, or dark, showing negative contrast with respect

to the background. In Fig. 6.1, two images of the same cells, taken at different slightly

different depths are shown. Arrows highlight the change in bright to dark contrast for

lipid drops. This artifact is often attributed to linear scattering caused by the change

of the index of refraction between the lipid droplets and the surrounding medium.

We will show below that while the change in linear susceptibility plays a role, this is

largely caused by interference between the resonant and nonresonant signals caused

by a phase change due to the Gouy phase shift.

To more accurately characterize the change as a function of focus position, we use

1µm diameter polystyrene beads suspended in agarose gel. The beads are slightly flu-

orescent, allowing simultaneous CARS and TPEF images to be acquired. By changing
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Figure 6.2: A model system for quantifying the focal position dependent CARS imag-
ing artifact. Polystyrene beads are suspended in agarose gel. (a) A CARS image
acquired from one focal plane deep in the sample. (b) The sample is moved 4 µm
closer to objective than in (a). The arrows in (a) indicate the presence of polystyrene
beads that demonstrate reversed contrast in (b) (switch from dark to bright).

the plane of focus (moving through the sample in 3D), we confirm that the polystyrene

beads exhibit both positive and negative contrast relative to the nonresonant back-

ground at some focal planes. For example, in Fig. 6.2, dark spots in Fig. 6.2a (iden-

tified by the arrows) correspond to bright spots in Fig. 6.2b which is acquired with

the sample moved 4µm closer to the objective.

While not apparent from Fig. 6.2, the maximum of the resonant CARS signal and

the maximum of the TPEF signal do not occur at the same focal position. To ensure

that this is not due to the pump and Stokes focussing at different positions due to

chromatic abberations, the best focal position for each beam is measured indepen-

dently using gold nanoparticles evaporated onto a coverslip. Using this technique, it

is confirmed that the best focal position of both beams is the identical. The depth of

field for both beams is the same and is found to be ∼ 4µm.
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6.1 Numerical Model

The finite difference time domain (FDTD) method was used for the numerical simu-

lations [152]. This allows simulations of the near-field interactions of tightly focused

laser fields with a small scatterer. Additionally, with the appropriate transformation,

the far-field radiation pattern is recovered. The FDTD method splits the electric and

magnetic field in time and space such that the 3D Maxwell equations can be iter-

atively solved to propagate the electric field. The appropriate equations are shown

below in CGS units where c is the speed of light [152].

∇⃗ × E⃗ = −(1/c)∂B⃗/∂t (6.1a)

∇⃗ × H⃗ = (1/c)∂D⃗/∂t (6.1b)

Material properties are included by incorporating the additional relations shown

below. The material parameters must be defined at all points in space.

D⃗ = [1 + 4π(χ(1) + χ
(3)
NR)E

2]E⃗ + 4πP⃗R (6.2a)

H⃗ = B⃗ (6.2b)

where χ(1) is the linear susceptibility and χ
(3)
NR is the nonresonant third order suscep-

tibility. The response of the resonant Raman medium P⃗R is evaluated using:

P⃗R(t) =
1

4π
E⃗(t)[χ

(3)
R (t) ∗ E2(t)] (6.3)

where ∗ denotes a convolution and
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χ
(3)
R (t) = χ

(3)
R F−1

(
Ω2

R

Ω2
R − ω2 + 2iωΓ

)
(6.4)

where χ
(3)
R is the time-independent amplitude of the Raman susceptibility, ΩR is

the Raman resonant frequency, and Γ is the linewidth of the resonance. F−1 is the

inverse Fourier transform. It is possible to implement equation 6.4 using an auxiliary

differential equation technique that has been described elsewhere [153, 154].

The simulated laser source is a broad Gaussian pulse of radius RG, tightly focused

by a high-NA paraboloidal mirror with radius 2.5RG [155]. This source accurately

represents a high NA objective that is free of spherical aberrations when considering

an on-axis beam. The mirror is also free from chromatic abberations. To form an

image, rather than using off-axis scanning, the sample is translated in the simulation

volume. The electric field is introduced at the simulation boundary using the “total-

field, scattered-field” approach [152]. The electric field is absorbed at the boundaries

of the simulation volume using a first-order Mur absorbing boundary condition [156].

By assuming a linear, dispersionless medium between the boundary of the simulation

volume and the detector, it is possible to implement a near-to-far field transform at

the anti-Stokes frequency such that the far-field signal can be recreated [152]. The

NA of the collection optics is taken into account when generating the far-field signal

to accurately represent the microscope. A representation of the simulation volume

may be seen in Fig. 6.3.

For the simulations, the pump wavelength was assumed to be 800 nm and the

Stokes was 1042 nm in order to replicate probing a Raman difference of ∼2900 cm−1.

Both the pump and Stokes pulses were assumed to have a temporal width of 300

fs (FWHM). The light was focussed with an effective NA of 1.1. The collection



CHAPTER 6. ROLE OF GOUY PHASE SHIFT IN CARS IMAGE FORMATION 102

Figure 6.3: (a) A Gaussian beam is incident on a high-NA paraboloidal mirror. (b)
The incident near-field electric field is numerically evaluated and introduced to the
simulation volume. (c) The laser pulses interact with all matter in the simulation
volume. (d) The scattered CARS signal is collected in the near-field. The far-field
radiation pattern is evaluated depending on the collection geometry chosen (e) All
light in the simulation volume is absorbed by the boundaries to prevent multiple
reflections.

optics have an NA of 0.6 to represent collection by a high-NA condenser. For the

sample, the background medium was assumed to be water. The effects of dispersion

were neglected in this case and the index of refraction was set to n0 = 1.33. The

nonresonant third-order susceptibility was set to χ
(3)
NR = 5.4× 10−14 esu [9]. For the

simulations presented here, a single sphere of radius R was centered on axis. The

refractive index of the sphere was set to n = 1.5. The Raman resonance parameters

of the sphere were chosen such that if bulk samples of the resonant and nonresonant

material are probed, the ratio of the signals is 50 (see chapter 3, Fig. 3.2). The

simulation volume is 12× 13× 13 µm.
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6.2 Results and Discussion

Using the image data displayed in Fig 6.2, the CARS and TPEF signals of several

polystyrene beads were measured as the focus of the microscope was adjusted. The

maximum of the TPEF signal was assumed to be the actual position of the polystyrene

bead. This allows the CARS and TPEF response of several beads to be averaged so

that the overall behaviour of the two signals can be compared. As seen in Fig. 6.4a,

the maximum of the CARS and TPEF did not occur at the same focal position. The

maximum of the CARS signal occurred when the bead was further from the objective

lens than the “optimal” focus. Furthermore, there is a noticeable dip below baseline

of the measured CARS response that occurred when the bead was located closer to

the objective than the optimal focus. These results are effectively modeled by the

numerical simulations. For the simulations, the far-field CARS signal was measured

as a function of the bead position relative to the optimal focus. The depth of field for

the simulations was ∼2 µm and bead radii of 0.3, 0.4 and 0.5 µm were used. The same

asymmetric response is observed in the simulations as was observed experimentally,

as can be seen in Fig. 6.4b.

While it is difficult experimentally to isolate the different parameters that con-

tribute to the asymmetric response, the numerical simulations allow for this. The

index of refraction of the scatters and the background medium can be changed so that

there is no discontinuity in the linear susceptibility. We found that index matching

alters the asymmetry but it does not remove it. Alternatively, if the the nonresonant

background is removed entirely, χ
(3)
NR = 0, the asymmetry completely disappears and

the maximum of the CARS signal occurs at the optimal focus position. This indicates

that the observed asymmetric focal profile is likely due to interference effects between
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Figure 6.4: Characterizing the CARS imaging artifact. All distance measurements
are relative to the depth of field (xR) to allow for straightforward comparisons be-
tween experimental and numerical results. (a) Measured on-axis focal profile from
polystyrene beads suspended in agarose gel. The TPEF signal maximum is taken as
the optimal focus position. The on resonance CARS signal is collected at 2850 cm−1

and the off resonance signal is collected at 2700 cm−1. Beads are 1 µm in diameter
and the Rayleigh length of the pump and Stokes is 4 µm. (b) FDTD far-field CARS
signal as a function of bead position relative to the optimal focus position. Beads of
different radius are used. (c) For a bead of R = 0.4µm, different effects are removed
to isolate the primary cause of the asymmetric profile. In one case, the scatterer
and background are index matched, in another, the nonresonant background is re-
moved. The background is included for comparison. In the numerical simulations,
the Rayleigh range is 2 µm.



CHAPTER 6. ROLE OF GOUY PHASE SHIFT IN CARS IMAGE FORMATION 105

the resonant and nonresonant CARS signals. The results of the numerical simulations

described above for a bead radius of 0.4 µm are visible in Fig. 6.4c.

It is possible to develop an analytic model that phenomenologically agrees with

the experimental and numerical results. The pump and Stokes are assumed to be

approximately Gaussian with frequencies ωp and ωs. The spot sizes w0 are assumed

to be equal. The wavevectors, kp and ks, of the pump and Stokes are approximated

as being equal so that the Rayleigh lengths, xR = kp,sw
2
0/2 are also equal. The optical

axis and direction of propagation are the x-axis and the zero position, x = 0, is the

optimal focal position. The resonant signal is generated by a scatterer located at

x = x0 on the optic axis. The far-field nonresonant ENR(t) and resonant ER(x0, t)

signal measured at a point can thus be written:

ENR(t) = E0NR
cos(ωast+ ϕ0) (6.5a)

ER(x0, t) =
E0R

[1 + (x0/xR)2]3/2
cos(ωast+ ϕ0 + π/2 + δϕL + ϕG(x0)) (6.5b)

where E0NR
is the magnitude of the nonresonant signal, ωas is the anti-Stokes fre-

quency and ϕ0 is an arbitrary phase that depends on the point of observation. E0R

is the magnitude of the resonant signal when x0 = 0, δϕL is a phase shift that oc-

curs because of the difference in the index of refraction between the resonant and

nonresonant medium and ϕG(x0) is associated with the Gouy phase shift, given by:

ϕG(x0) = − arctan(x0/xR) (6.6)

We add the electric fields coherently at the detector. The measured intensity is

the time average of the total electric field and is given by:
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I = I0

(
1 +

ρ2

[1 + (x0/xR)2]3
− 2

ρ sin(δϕL + ϕG(x0))

[1 + (x0/xR)2]3/2

)
(6.7)

where ρ = E2
0R
/E2

0NR
. To estimate the phase shift due to the difference in the index

of refraction between the resonant and nonresonant media, we use:

δϕL ≈ k(n− n0)R (6.8)

giving values of δϕL ≈ π/10, π/8 and π/7 for R = 0.3, 0.4, 0.5 µm respectively.

From Fig. 6.4b, it is possible to estimate ρ to be 0.4, 1, 2 for the respective scatterer

radii. Using equation 6.7, we find the analytic model predicts the asymmetric shape

for the focal response of the resonant CARS scatterer. This is shown in Fig. 6.5a.

While it may not be immediately obvious, as ρ increases, the peak of the CARS signal

approaches x = 0. This means that for a very large resonant signal, the affect of the

imaging artifact described here becomes smaller. It is worth noting that “background”

free techniques such as FM-CARS will still suffer the same imaging artifact despite

effectively removing the nonresonant background.

To estimate the affect of the phase shift δϕL, it can be set to zero. As can be seen

in Fig. 6.5b, this produces a similar change to that seen in Fig. 6.4c when the index of

refraction of the two media are set equal in the FDTD model. The maximum signal

is still displaced from x = 0 but the shadow has been significantly reduced.

Looking at equation 6.7, the position of the scatterer x0 only changes the measured

intensity through the amplitude term of the resonant signal and through the Gouy

phase shift ϕG. The amplitude dependence is symmetric with respect to x0 and cannot

explain the asymmetric shape observed. This suggests that the Gouy phase shift is the
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Figure 6.5: (a) Equation 6.7 plotted for different scatterer radii (ρ = 0.4, 1 and 2,
δϕL ≈ π/10, π/8 and π/7 for R = 0.3, 0.4, 0.5 µm respectively. (b) For a scatterer
of R = 0.4 µm (ρ = 1), δϕL is varied to isolate the effect of the phase difference due
to changes in the linear susceptibility. (c) If the Gouy phase shift (ϕG = 0) but δϕL

is non-zero, the asymmetry disappear, however symmetric shadows are now visible.
If the effect of changes in the linear susceptibility δϕL is removed, the symmetric
shadows disappear. The background has been included in all figures for clarity.

most important factor in shifting the maximum CARS signal away from the optimal

focus position. To test this, the Gouy phase shift can be neglected (ϕG = 0) and the

results of equation 6.7 can be replotted. As seen in Fig. 6.5c, the maximum of the

CARS signal is located at the optimal focus when the Gouy phase shift is removed.

There are now much weaker, but symmetric, shadows present around the scatterer.

These shadows are due to the interference caused by the linear phase shift between

the resonant and nonresonant media and disappear if δϕL = 0.
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6.3 Conclusion

Imaging in coherent microscopies such as CARS is prone to artifacts that do not af-

fect incoherent imaging techniques. Understanding and identifying these artifacts is

of critical importance when attempting to draw conclusions about a sample from an

image. This is especially true for multimodal microscopy where different techniques

are used to probe the same area. The artifact demonstrated here is caused by the

Gouy phase shift. It should be noted that the Gouy phase shift has been previously

indicated to have little effect on CARS image formation [157]. With a better under-

standing of the origin of imaging artifacts, we should be able to develop schemes to

either prevent them or remove them using deconvolution techniques. Any deconvo-

lution approach, however, will require more detailed and complex simulations than

the ones presented here. Heterogeneous systems where signals from many scatterers

are detected simultaneously in the far-field will likely demonstrate more complicated

imaging artifacts. In tissue imaging where much of the collected signal is rescattered,

some artifacts may be “washed out” but others will likely persist. It may also be of

interest to study image formation in SRS microscopy, an area that has been relatively

unexplored thus far. While SRS does not have a coherent nonresonant background,

the standard method of performing SRS (amplitude modulation) may make it prone

to different imaging artifacts. For example self-focussing due to changes in total laser

amplitude may play a role in image formation.



Chapter 7

High Energy Oscillator

7.1 Introduction

Optimally chirped pulses are one method of achieving high spectral resolution CARS

imaging with femtosecond pulses. Coherent control—discussed in chapter 2—is an-

other technique that offers high spectral resolution using fs pulses [43]. Instead of

targeting a single Raman level, however, it is possible to enhance contrast for a spe-

cific molecule using coherent control [158]. The frequency difference between the

pump and Stokes determines the Raman level probed; the absolute frequencies are

not relevant. Multiple Raman modes can be simultaneously probed using different

pairs of pump and Stokes colours such that the anti-Stokes frequency generated by

each Raman mode excited is identical. With control over the phase of the pump and

Stokes pairs, it is possible to induce either constructive or destructive interference

among the different signals. This could be used to reduce the signal from a molecule

not of interest while simultaneously enhancing the signal from the target molecule.

Schemes such as these have been demonstrated using simultaneous amplitude and

109
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phase shaping of a single pulse [158] and by using multiple lasers to generate the

necessary pump and Stokes pairs [159]. For practical CARS microscopy, it would be

preferable to use a single laser source that can probe all Raman levels of interest to

biomedical imaging without significant realignment of the laser. This requires new

laser sources to be developed.

Attempting to employ coherent control techniques for CARS microscopy on biomed-

ically relevant samples imposes many restrictions on the laser parameters. For many

CARS applications, lipid imaging at a Raman shift near 2850 cm−1 is the primary

goal. Thus, to utilize the coherent control techniques discussed above, the spectral

bandwidth of the laser must be >2850 cm−1. Furthermore, there must be sufficient

power in each spectral component to generate enough CARS signal for efficient de-

tection. Finally, the laser repetition rate should allow for practical microscopy with

a pixel dwell time that is at most a few µs. Assuming a central wavelength of 800

nm, these requirements suggest a laser source with >200 nm bandwidth, >400 nJ

per pulse (∼1nJ/nm at FWHM) and a repetition rate of >1 MHz. If modulation

techniques utilizing lock-in detection will be used, the repetition rate must be even

higher. One option to achieve the bandwidth requirements could be to generate an

intense pulse and then generate a single white light filament in a solid such as sapphire

or YAG [160]. Another option would be to generate a broad continuum in a PCF

[161]. The continuum generated in a PCF, however, is rather weak and is limited by

the damage threshold of the fiber. A new avenue for generating high power continua

could be to use fluid filled PCFs [162], but this technique is not well characterized.

We chose to pursue continuum generation in bulk materials because it is the most

straightforward method and should be stable over long time periods [160]. For bulk
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materials, this necessitates pulse energies of >300 nJ with pulse durations <100 fs.

Cavity dumped oscillators offer one option to achieve this, with state of the art sys-

tems able to achieve 1 µJ/pulse at 1 MHz [163]. Another option is to make use of an

extended cavity oscillator [164–167].

Extended cavity oscillators greatly increase the internal path length of the cavity,

thereby decreasing the repetition rate. This is accomplished by inserting a Herriott-

type multiple pass cell [168] that greatly increases effective cavity length without

changing the Gaussian beam parameters nor significantly altering the alignment of

the cavity [164, 165]. In this case, while the average power of the laser, to first

order, is kept constant, pulse energy and peak powers are increased. The increase in

intracavity peak power eventually leads to the onset of detrimental nonlinear effects

(such as self phase modulation) which reduces the stability of the cavity and can lead

to multipulsing [166]. One method of reducing these nonlinear effects is to operate

the laser in the “positive dispersion” regime [165–167]. In this case, the pulse is

positively chirped inside the cavity such that its duration is significantly increased

while the bandwidth is maintained. The increased pulse length reduces self amplitude

modulation (i.e. self focusing) in the crystal, so a saturable absorber is used to assist

with modelocking [165–167]. Using these design principles, extended cavity lasers

capable of generating 25 fs pulses with 130 nJ of energy per pulse at 6 MHz repetition

rate using a 10 W pump laser (at 532 nm) had been demonstrated at the outset of

this project [166]. The authors of this paper speculated that it should be possible to

scale their design to higher pump powers with the possibility of achieving energies

of 1 µJ/pulse. This attracted our attention since that would be more than sufficient

to generate a stable white light continuum in bulk material for subsequent use in
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coherent control CARS experiments.

7.2 Laser Design

The design outlined in Fernandez et al. [166] was the starting point for our laser and

we performed the initial design in collaboration with the Apolonski group [166, 167].

To allow for higher output pulse energies than their previous design, an 18W pump

laser (532 nm) was utilized instead of a 10W laser. Higher intracavity peak powers

would increase nonlinear effects in the crystal. To compensate for this, the spot size

in the crystal was increased compared to previous designs. The Herriott cell substan-

tially increases the beam path through air which increases the intracavity dispersion.

The cell is constructed from chirped mirrors which are specifically designed to com-

pensate this change. Ignoring the prisms, all other cavity components are selected

to provide a net negative dispersion during one cavity roundtrip. To allow user con-

trol over the total dispersion in the cavity, two prisms, cut at Brewster’s angle, are

inserted into the optical beam path. By adjusting the prism position, it is possi-

ble to operate in either the negative or positive dispersion regime. One cavity end

mirror is a semiconductor saturable absorber mirror (SESAM) and the other is the

output coupler. The optical layout of laser is shown in Fig. 7.1. The beam path has

been overlayed on the picture to assist with following the alignment. The Herriott

cell (defined by the two large mirrors at either end of the system) has twelve optical

passes, however, only four have been included in the overlay for clarity. Details of the

alignment procedure for the cavity are included in appendix A.

With the initial design, we were able to achieve 1.8W output power at 5.23 MHz

repetition rate (344 nJ/pulse) with a compressed pulse length of ∼80 fs when using
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Figure 7.1: A picture of the laser layout. The optical paths of the pump (green) and
800 nm (red) light have been indicated. The path through the multipass Herriott cell
has been simplified for presentation. OC is the output coupler and SESAM is the
saturable absorber.

13.5W of pump power. If the pump power was increased, the laser output became

highly unstable and unusable. Several possible causes of the instability were investi-

gated, with thermal effects seeming to play the largest role. The clearest indication

of this was by observation of the residual green light that passed through the Ti:Sa

crystal. At high pump powers the mode became highly structured, possibly caused

by an astigmatic thermal lens in the Ti:Sa crystal. The thermal lens is caused by

changes in the index of refraction of the sapphire due to local changes in tempera-

ture (dn/dT) [169] and is a well-known problem for end pumped laser media [170].

Previous works have demonstrated that, depending on the pump parameters used,

it is possible to reduce or eliminate all steady state thermal effects if the crystal is

sufficiently cooled [171]. It is not always beneficial to use the lowest possible temper-

ature, however. Ignoring the obvious technical difficulties, the gain curve (gain as a

function of wavelength) for a Ti:Sa laser changes as the crystal is cooled [172]. This

can lead to a decrease in output power as the temperature of the crystal is decreased
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and the gain of the laser is reduced at the desired operating wavelength [172].

To confirm that thermal effects were limiting the output and stability of the

laser, the existing crystal mount was modified with the insertion of a Peltier element

between the water-cooled backing plate and the crystal mount. With small decreases

in the crystal temperature, the output power and stability markedly improved. While

this simple test confirmed the need for cooling, the assembly had insufficient cooling

capacity to allow us to utilize the maximum pump power and strongly suggested the

need for a new crystal mount design. This was further reinforced by results from the

Morgner group also working on an extended cavity oscillator design [173]. In this

work, they describe an extended cavity oscillator similar to our design but with two

major differences: First, the Herriott cell is enclosed in a vacuum chamber. This

removes the intracavity dispersion caused by air and allows standard, broadband

high reflectors to be used. Second, they placed the Ti:Sa crystal in a nitrogen purged

environment and cooled it to -45◦C. With this design, they were able to achieve output

pulse energies of 500 nJ at 6 MHz with a 50 fs pulse duration using a 15W pump

laser (515 nm). These results, combined with our own measurements, motivated us

to design a new crystal mount that would allow for additional cooling.

7.3 Crystal Mount Design

While there is substantial literature discussing the benefits of cooling the Ti:Sa crystal

for improving the performance of a laser, the specifics of these designs are rarely

described in detail. The two most common designs use either cryogenic cooling [174] or

Peltier elements for cooling [173, 175]. We chose to use Peltier elements because such

a system is substantially easier and less expensive to construct than a cryogenically
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cooled one, and, as outlined below, Peltier elements should offer sufficient cooling

capacity. With a Peltier cooled system, the temperature is kept under computer

control with a feedback loop that greatly improves temperature stability compared to

a chiller. This allows us to engineer the cavity around a much stronger thermal lens

because it will remain stable whereas with a chiller, fluctuations of the temperature

of the cooling liquid are translated to the thermal lens. There were three main

constraints that influenced the overall design of the crystal mount: First, when using

a cooled system, a dry environment is necessary in order to prevent condensation and

contamination on the surface of the crystal. This can be achieved by purging a sealed

box around the crystal (i.e. with dry nitrogen) or by constructing a vacuum chamber

to house the crystal. To avoid possible sources of turbulence and to allow the option

of additional cooling in the future (where restrictions on humidity would be even

more stringent), a vacuum environment was chosen. The second design constraint

was that the new mount and housing had to fit between the existing curved mirrors

since these were chosen to give the correct cavity mode in the crystal. The angle of the

mirrors was chosen to correct the astigmatism of focussing through cavity elements at

Brewster’s angle, further restricting the space available. This necessitated a compact

design. The third constraint was that, as covered in appendix A, it is critical to be

able to adjust the distance between the curved cavity mirrors, the lens focussing the

pump, and the crystal. This can be accomplished by allowing all components to be

freely translated or by fixing one optic in place and moving all others relative to it.

We chose to fix one of the curved mirrors in place. This meant that the crystal mount

had to be able to move. To accommodate this choice, the vacuum chamber housing

the crystal was designed to allow it to be translated.
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As mentioned above, a Peltier element should offer sufficient cooling for our design.

Given the design constraints on the size of the mount, we required a small, single

stack element. We chose a Peltier (UT15, Melcor) that should be able to maintain a

temperature difference of 60◦C while transporting 10W of heat away from the “cold

side” of the Peltier. We expect no more than a 10W heat load from the crystal

because, while the pump laser emits of 18W power, not all of it is absorbed in the

crystal (at least 4W is not absorbed) and we expect to extract 3-4W of light from the

cavity. The Peltier element is 40× 40mm in size and was accommodated into a new

crystal mount design. This have should enabled the system to operate with the crystal

at -45◦C using a standard chiller and water cooling. Unfortunately we were not able

to achieve these specifications in practice. Two areas for improvement were identified.

When operating at full capacity, the heat generated at the “hot side” of the Peltier is

almost solely due to the element itself (∼100W) rather than the heat removed from the

cold side of the Peltier. In the first design of the water-cooling block we used fittings

that restricted fluid flow, leading to a higher temperature of the hot side of the Peltier

than expected. This can be trivially addressed by designing the water-cooling block

to maintain very high flow rates. The second challenge was minimizing the contact

thermal resistance between the hot side of the Peltier and the water cooled block.

Thermal resistance, measured in ◦C/W, can vary between 0.02 ◦C/W and 1 ◦C/W

depending on the contact method between the interfaces [176]. On the hot side of the

Peltier, with ∼100W of heat is transported across the interface, this causes a 2-100◦C

temperature difference between the hot side of the Peltier and the cooling block. This

increase in temperature raises the minimum achievable crystal temperature by the

same amount. The contact thermal resistance can be lowered by using greater force
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to contact the surfaces, smoother surfaces, and/or an interface material to assist with

thermal contact. The applied force is restricted by possible damage to the Peltier

unit and surface roughness can be specified during manufacturing such that it is not

a limiting factor. In our initial design, we used indium foil as an interface material

since this is standard practice for crystal mount design; however, this was clearly

inadequate (we estimated contact resistance to be 0.1-0.2 ◦C/W). Thermal grease,

another commonly used interface material, was also tested and found to have similar,

if not worse, performance to indium foil. We also tested a design where the coolant

was flowed directly over the hot side of the Peltier element. Surprisingly, this was

found to have much worse performance than either indium or thermal grease. We

speculate that the limited area where the fluid and the Peltier are in contact and

the relatively low thermal conductivity of water compared to copper are to blame for

this disappointing result. The lowest thermal contact resistance was achieved with

a direct solder connection. To prevent damage to the Peltier which is formed from

many P-N junctions soldered together, a low temperature indium solder is required.

This in turn necessitates that all copper components be nickel plated before indium

soldering (indium is soluble in copper and will dissolve into the copper over time)

[177].

A rendering of the entire assembly is shown in Fig. 7.2. More detailed design

and assembly notes for the crystal mount and the vacuum chamber are included in

appendix A. The vacuum chamber was designed to be mounted so that the crystal

is in the same orientation as the previous design. The chamber is further designed

so that it can be connected to a translation stage so that the position of the crystal

can be adjusted. KF vacuum flanges are directly cut into the chamber for ease of
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Figure 7.2: A rendering of the crystal mount. More detailed images are included in
appendix A.

mounting. The lid is shaped to allow the crystal to be placed in its original position

inside the cavity. The windows on the lid are o-ring sealed and the mounting faces

are designed so that the windows are at Brewster’s angle for 800 nm light (for fused

silica windows). The Ti:Sa crystal is placed in a holder which is attached to the main

crystal mount. The mount face is angled such that the Ti:Sa crystal is at Brewster’s

angle as well. The crystal mount is contacted to the Peltier which is in turn soldered

onto the cooling block. The cooling block has a channel cut inside which allows the

cooling fluid to flow through the system. The interfaces between the crystal and

the holder, the holder and the mount, and the mount and the Peltier all use indium

foil as the contact material. The total power extracted through these interfaces is

relatively low, so the contact thermal resistance is a less significant concern than

in the case of the Peltier-cooling block interface. In practice, however, we believe

that thermal contact resistance is not the primary limiting factor at these interfaces,

especially the interface between the crystal and the holder. The contact area of the

crystal is very small (2× 3mm) and it is easy to envision a scenario where the crystal
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only properly contacts the mount in a line or a few points. This could lead to a

highly unusual thermal lens as heat flow in the crystal will not be symmetric or,

in a worst case scenario, to the crystal being effectively thermally isolated from the

mount altogether. Practical experience mounting and remounting the crystal has

demonstrated the large degree of variability in this process as well as the significant

effects poor mounting can have on laser performance. This interface is an area that

should be improved on in the future.

The cooling capacity of the entire assembly was tested under moderate load by

mounting the crystal and using a 10W pump beam. Since it is difficult to measure

the crystal temperature directly with a contact measurement (crystal dimensions are

0.87 × 2 × 3mm), the crystal mount temperature is recorded instead. With 20◦C

cooling water, the Peltier can maintain the crystal mount at -30◦C under load. This

is much closer to the specifications of the Peltier. Given that the Peltier specifications

are recorded by soldering resistive temperature devices directly to the hot and cold

sides of the Peltier elements, we do not expect to be able to achieve them. When the

cooling liquid is changed to -80◦C ethanol, the Peltier can maintain a temperature

of only -75◦C. This apparent discrepancy in temperature is not unexpected. The

temperature of the ethanol is measured inside the chiller and there are likely insulation

inefficiencies in the pump and the lines. More importantly, Peltier elements are

composed of semiconductor P-N junctions. As the these junctions are cooled, the

number of electrons in the conduction band is reduced and the band gap increases

causing the material becomes more insulator like. The Peltier is still of benefit under

these conditions (as opposed to using a copper block) because it can maintain a stable

temperature for different operating conditions and still offers superior temperature
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Figure 7.3: Laser output power as a function of crystal temperature. We see here
that the output power increases substantially as the crystal is cooled. Black and grey
lines are for different cavity alignments. Both measurements were taken using a 10W
pump beam.

stability to the chiller.

7.4 Results

The maximum output power of the laser increased substantially when the new crys-

tal mount was utilized. Figure 7.3 shows the laser output power as a function of

crystal temperature when using a 10W pump beam (results from two different laser

alignments are shown). The cavity was aligned for maximum output power with

the crystal temperature set at 14◦C and the crystal was subsequently cooled. The

alignment of the cavity was not altered during cooling. We found that the output

power increased continuously as the crystal was cooled even though we expected the

cavity alignment to no longer be optimal at lower temperatures. An important and

convenient measure of the changes to the thermal lens during this process was the

residual pump beam. The green pump beam not only creates the thermal lens but

also probes it as it propagates through the crystal. As the total pump power used
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Figure 7.4: Sketches of the residual pump beam mode as the pump power through the
crystal is increased. The two sets of sketches are for different attempts at mounting
the Ti:Sa crystal. In both cases, at low power the residual pump is round and approx-
imates a TEM00 beam. As the pump power is increased, beam becomes astigmatic.
As higher pump powers, patterns become visible in the beam. These patterns depend
on the characteristics of the thermal lens.

was increased, the beam started round (we expect it to be TEM00) and became in-

creasingly astigmatic with the beam expanding in the horizontal plane (the plane of

the laser). As the pump power was further increased, structure became evident in

the beam. This progression is sketched in Fig. 7.4. Two different end results are

shown which correspond to two different attempts at mounting the Ti:Sa crystal in

the holder. These patterns should be indicative of the characteristics of the thermal

lens and could be measured using spatial interferometry to try and extract the phase

profile of the thermal lens [178]. This differences between the two patterns at high

pump powers highlights the variability of the crystal mounting process and reinforces

the need for improved contact at that interface. A consistent observation was that for

a given setup (i.e. similar alignment, same crystal mounting), if the temperature of

the crystal mount was decreased, the residual pump changed shape to resemble what

was visible at lower pump powers, indicating that the thermal lens had been reduced.

This supports the trivial conclusion that further cooling would be beneficial [171].
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With the crystal cooled to -30◦C, it was not possible to achieve stable alignment

with an 18W pump beam. If the crystal was cooled to -75◦C, however, it was possible

to have a stable output of 3.46W at a 5.23 MHz repetition rate (660 nJ/pulse). The

spectrum at these operating conditions was surprisingly narrow. Shown in Fig. 7.5a,

the output spectrum at maximum pump power has a FWHM of only 11 nm, whereas

with 7W of pump power, the spectrum FWHM can be more than 27 nm (see Fig 7.5a).

At high pump power, the laser is also prone to CW breakthrough (this is a continuous

output in addition to the pulses from the laser and is detrimental to operation).

Operating in an intermediate regime (10W pump power), we find that there are two

different cavity alignments that result in substantially different spectra. Figure 7.5b

shows two different spectra recorded in the intermediate regime. To switch between

the two spectra, the distances between the crystal and the curved focussing mirrors

was changed. Interestingly, if the cavity is aligned for one particular spectrum at 10W

pump, the output center wavelength does not change significantly when the pump

power is increased to 18W. The spectrum narrows under these conditions, however.

It should be noted that at maximum pump power it was no longer possible to switch

to the other spectrum.

The are several possible mechanisms for this unusual spectral behaviour. The most

likely is that the cavity is operating in a multimode configuration at high power. A

second option is that, thermal effects in the SESAM are modifying the cavity. Another

possibility is that at high power and/or low temperatures, the spectrally dependent

gain and loss in the cavity are no longer overlapped and this leads to competition

between different modes. All three mechanisms could be playing a role and isolating

one effect is difficult.
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Figure 7.5: Output spectra for different pump powers. (a) The black line is the
output laser spectrum at 18W pump. FWHM is ∼11 nm. Grey line is the output
laser spectrum with 7W pump. FWHM is ∼27 nm. (b) At 10W pump power, it is
possible to have the laser output two very different spectra depending on alignment
(shown by the black and grey lines). Spectra in both figures have been scaled.

Lasers are aligned in a single transverse mode (TEM00) to prevent noise at the

output. If the laser allows for multiple modes, it is impossible to maintain a balance

between them and this leads to instability [102]. In a typical, low power, Ti:Sa

laser, single mode is maintained by mode matching the pump and cavity beams in

the crystal. In practice, this means using a single mode pump beam to excite the

gain medium. The cavity is aligned to ensure that the lowest order cavity mode

matches the pump mode in the crystal (for passively mode-locked short pulse lasers,

this overlap must take into account the self-focusing due to the Kerr lens). In this

case, the lowest order cavity mode will deplete the gain and prevent any higher order

modes from operating in the cavity. If the pump power is greatly increased, this

principle should still hold as long as the cavity and pump modes remain matched. In

our case, we suspect that at high power it is difficult to maintain this condition due

to the astigmatic thermal lens which leads to the pump and cavity modes becoming

mismatched. This permits higher order modes to operate in the cavity and leads to
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instability of the laser.

There was clear evidence of multimode operation with a previous crystal mount

design with thick (3mm) vacuum chamber windows. A laser beam focussing through

an element at Brewster’s angle will become astigmatic [102], but at low powers this

could be compensated using the alignment of the cavity. As the pump power was

moderately increased, however, the degree of astigmatism was accentuated by the

thermal lens, leading to multimode operation. To help alleviate this problem, we

switched to thinner (1mm) windows that appeared to partially resolve the problem.

For example, it is possible to operate the laser in “CWmode” by replacing the SESAM

with a high reflector. In this case, we found that it was possible to use the full pump

power and maintain single mode operation. If the same test is performed with the

SESAM in place, however, the output is no longer single mode. One possible reason

for this could be due to changing the self focussing in the Ti:Sa crystal. If the cavity

mode is astigmatic in the crystal (in order to match the pump mode), the Kerr lens

(due to self focussing) should also be astigmatic. As the peak intensity is increased,

this astigmatism will also increase and lead to mismatch between the pump and cavity

mode. In principle, this can be compensated by realignment of the cavity, but this

is difficult. If the cavity is aligned to operate at maximum power, it will no longer

operate at low power. Without energy extraction from the crystal, abberations due

to the thermal lens are much worse and it becomes impossible to initiate lasing. The

only plausible method of compensating for the astigmatism would be to realign the

cavity, while maintaining mode-locked operation, as the pump power is increased.

This is not a practical solution. Some possible improvements will be discussed in

section 7.5.
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While it is possible that astigmatism in the crystal is the primary cause of the

poor performance at higher pump powers, there remains other possibilities, such as

changes in the SESAM when the intracavity power is increased. As the pump and

intracavity power are increased, the amount of energy deposited into the SESAM also

increases. This could lead to local heating that affects the behaviour of the SESAM.

For example, it is possible that the SESAM will physically change shape (similar to

end-face curvature in a laser rod) and thus alter the cavity alignment. A more likely

scenario is that the SESAM reflectivity changes as function of temperature. The

bandwidth of a saturable absorber is determined by the semiconductor quantum dots

used in its manufacturing, but the band gap of semiconductors is known to change

as a function of temperature [179]. This could lead to the SESAM spectral response

changing as heating occurred. This could alter the loss spectrum in the cavity and

change the mode of operation.

If the cavity optics are designed for a particular wavelength, a change in the spec-

tral response of the SESAM could have a detrimental affect on laser performance.

For many semiconductors, the band gap decreases as the temperature increases [179].

This could shift the cavity operating wavelength to longer wavelengths. This change

could be further complicated by changes in the gain curve of the Ti:Sa due to cool-

ing. Recent studies have shown that the gain curve shifts to shorter wavelengths

as the crystal is cooled [172]. At high pump powers, when the most cooling is re-

quired, this could lead to the gain of the cavity shifting to shorter wavelengths while

the reflectivity of the SESAM shifts to longer wavelengths. We can estimate the

changes in the gain response by measuring the fluorescence bandwidth as a function

of crystal temperature. In Fig. 7.6a, the fluorescence spectrum collected after one
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Figure 7.6: Spectral characterization of the cavity (a) Fluorescence from Ti:Sa as a
function of temperature setting. Fluorescence is collected after one focussing mirror.
(b) Measuring the transmittance of the cavity and the reflectivity of the SESAM.
The black line is the transmittance of the cavity taking into account all optics in the
cavity except the SESAM. It is calculated by comparing the fluorescence spectrum
before the SESAM and after the curved mirror. The grey line is the reflectance of
the SESAM. All curves have been normalized.

of the curved focussing mirrors is shown for different crystal temperature settings

(this was performed with 3W pump power). The overall shape of the spectrum does

not visibly change as the temperature is varied, suggesting that changes in the gain

curve are not a major concern. For completeness, we also measure the spectrally

dependent transmittance of the cavity and the reflectivity of the SESAM (with no

load) (both are shown in Fig. 7.6b). To measure the transmittance, the fluorescence

immediately before the SESAM is compared to the fluorescence measured after the

first curved mirror (i.e. Fig. 7.6a). We find that with no load, the maximum of the

cavity transmittance and the reflectivity of the SESAM are both at 800 nm, as would

be expected.
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7.5 Conclusion and Future Work

The extended cavity oscillator described here is capable of producing >650 nJ per

pulse at a repetition rate of 5.23 MHz. The output spectrum would support a trans-

form limited pulse of 75 fs, although it is expected that due to higher order dispersion,

this would not be realized in practice. With this output, the laser is a promising source

for white light continuum generation in a bulk material. This would allow for imple-

menting coherent control techniques for practical CARS microscopy. For example,

utilizing coherent control techniques would allow for CARS microscopy colocalization

experiments where there is a nonlinear enhancement only when both targets of in-

terest are in the same focal volume. If combined with modulation techniques similar

to FM-CARS, this could allow the detection of normally imperceptible constituents.

While the current laser might be able to achieve these goals, there appears to be

significant room for improvement in the overall design.

Several avenues of investigation remain open to improving the laser performance.

One approach would be to further cool the Ti:Sa crystal, with the most obvious change

being to implement cryogenic cooling. A simpler approach would be to improve

thermal contact with the crystal itself by re-engineering the crystal holder. This

could be combined with a change to a different Ti:Sa crystal, most likely a longer

crystal with lower doping that would be easier to mount. These changes would assist

with reduction of the thermal lens in general. To specifically address the astigmatic

thermal lens, the vacuum chamber windows at Brewster’s angle could be replaced

with AR coated windows at normal incidence. Some of the astigmatism in the pump

beam could be precompensated by sending it though an astigmatic telescope before

it enters the laser. A more flexible approach would be to compensate some of the
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astigmatism in the pump beam by placing an additional window in the pump beam

tilted in the plane perpendicular to the existing Brewster window. The window would

have to be AR coated and could be utilized as a new adjustable parameter to optimize

laser performance by allowing an independent degree of control over the astigmatism

of the pump.

The performance of the SESAM should be further investigated. The proposed

changes due to thermal load would likely be confined to the focal spot on the SESAM,

requiring careful alignment for in situ measurements. Furthermore, it is possible that

some of these effects are transient and would need to be characterized on a variety

of time scales using pump-probe experiments. In recent work by the Morgner group

[163], they have chosen to water cool the mounting plate for the SESAM, but it is

not explicitly stated why. Such a system could be implemented in our design and

may lead to more stable laser operation. This would have the further advantage that

we could change the cooling water temperature and measure the reflectivity of the

SESAM. This would allow us to place bounds on the the likelihood of these effects

playing a role in cavity design.

While the design presented here can be improved, it seems inevitable that similar

sources will find a role in optical microscopy since they represent a good compromise

between repetition rate, peak intensity and stability. With sufficient optical band-

width and energy per spectral width, it would be possible to isolate individual spectral

components using either physical filters, spectrometers, or spatial light modulators.

This could be used as a flexible source for linear fluorescent microscopy where the

precisely required wavelength can be chosen. Furthermore, since the source is pulsed,
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it would be inherently compatible with FLIM and FRET applications. Such an im-

plementation could also be used to increase the flexibility in dye choices for STED

microscopy [81] by allowing essentially unlimited choice in excitation and depletion

wavelengths. While the motivation for this project was to use coherent control CARS

techniques for practical microscopy samples, coherent control is not limited to only

CARS and could be applied to other imaging techniques. With further improvements

in performance and stability, high energy oscillators will be an attractive option for

multimodal microscopy.



Chapter 8

Applications

One of the primary motivations of the development and improvement of CARS mi-

croscopy techniques is the promise it holds for many different applications. The

ability to perform rapid, label-free, chemical-specific imaging is of interest to many

different fields. Biomedical applications have received the most attention thus far

[66, 86–91], but there are other areas where CARS microscopy is already making an

impact. Here we will discuss some of the areas to which we have applied our mul-

timodal imaging system. Biomaterials, for example starch, cellulose, hydroxyapatite

(bone), and chitin, have been studied with SHG microscopy [180–187] and CARS

should offer complementary information about these materials. This will allow us to

correlate ordered structure (SHG) with chemical density (CARS). Fluid inclusions,

high-pressure gases and liquids trapped in rocks, have been studied extensively with

Raman microscopy [188] but have not been studied using CARS microscopy and

have only recently been examined using SHG [189]. SHG can be used to identify the

presence of an inclusion, but CARS or Raman microscopy is required to identify the

chemical constituents. CARS offers the advantage that fluid inclusions can mapped

130
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and identified in 3D on a reasonable time scale. It also allows chemical identifica-

tion in inclusions with strong fluorescent signals that often prevent Raman imaging.

While biomaterials and fluid inclusion research are relatively new areas for CARS

microscopy, biomedical applications remain at the forefront. Multimodal microscopy

is useful in the characterization and study of atherosclerotic plaques which have three

endogenous signals: CARS from lipids, SHG from collagen, and TPEF from elastin.

The CARS spectral response also demonstrates contrast between structures. CARS

microscopy continues to be used for live-cell imaging. We have applied multimodal

microscopy to the study of Hepatitis C in human liver cells. CARS microscopy can

track changes in lipid drop morphology and TPEF can be used for additional label-

ing techniques. Water imaging in cells is difficult using CARS microscopy and likely

explains the relative lack of interest from the field. We have used CARS microscopy

to monitor water-ice interfaces with the hope of observing ice formation in cells. This

could be used to study cryopreservation and the effects of different cryoprotectants

during freezing. While most of the experiments here are proof-of-concept, we believe

they demonstrate the wide applicability of multimodal CARS imaging. These results

should offer a guide for possible future research directions.

8.1 Biomaterials1

Much like tissue samples in biomedical research, complex carbohydrates are dense

materials that should offer strong CARS signals that will enable new studies of com-

position and structural changes in response to physical and chemical processing. Cel-

lulose and starch are abundant materials that are chemically similar yet structurally

1Aaron Slepkov provided the figures for this section excluding Fig. 8.5.
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dissimilar. SHG microscopy is used to study both starch [180–184] and cellulose

[185–187]. CARS microscopy offers an additional contrast mechanism that can pro-

vide information beyond what is available using only SHG.

Starch is an ubiquitous carbohydrate that is used in many industries [190–192].

When derived from plants, it forms individual grains. These grains are water insoluble

at room temperature and are composed of amylose and amylopectin which form into

crystalline and disordered layers [190]. This structure breaks down and the starch

becomes soluble when the grain is heated in the presence of water [191, 193]. The heat-

moisture treatment of starch is traditionally studied by x-ray diffraction, calorimetry,

light scattering and Raman spectroscopy [194, 195], but it is difficult to use these

techniques to observe changes in the structure and chemical composition of starch

during the dynamic portion of heat-moisture treatment. We can use multimodal

CARS microscopy to observe these dynamics in real-time. Starch provides a strong

CARS signal in both the C-H region (2750 cm−1 - 2950 cm−1) and O-H region (3000

cm−1 - 3400 cm−1). Furthermore, the crystalline layers in a starch grain are known to

demonstrate a strong SHG signal [180–184]. We can use simultaneous SHG and CARS

imaging during heat-moisture treatment to monitor the CARS signal which measures

the chemical density and correlate changes with structural alterations observed using

SHG.

The ability to breakdown, refine, and reconstitute cellulose is important for many

industrial and research processes [196–198]. Cellulose, like starch, is made of amylose

and amylopectin; however, the glucose units are linked differently than in starch

[199–201]. X-ray diffraction has traditionally been used to study the crystal structure

of cellulose, however, SHG has also been used to study cellulose fibers and films
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[185–187]. It has also been shown that vibrational spectroscopies can be used to

measure changes in the cellulose when it is placed under stress [202]. This has recently

prompted others to use CARS to study the structure of cellulose using the polarization

sensitive nature of CARS to study molecular orientation of the microfibrils in cellulose

[58]. This work has found that the ratio of the asymmetric and symmetric C-H stretch

is indicative of orientation and can be used as a measure of structural inhomogeneity.

The O-H Raman band of cellulose, however, was not discussed. Our initial evidence

suggests that the ratio of the C-H to O-H signals in CARS microscopy, combined

with SHG, may offer a more robust measure of orientation.

8.1.1 Starch imaging

Potato starch was extracted from potatoes by suspending freshly-cut cubes in room-

temperature water with intermittent agitation for an hour. The starch grains settle

to the bottom of the holder where they can be aspirated with a pipette. The grains

are washed with water several times before use. For starch grains from rice, several

grains of rice were crushed between two pieces of glass, and then suspended in a small

volume of water to extract starch in the same manner as described for potato. For

heat-moisture treatment, the washed starch grains were deposited onto a sapphire

coverslip and the excess water was allowed to evaporate. This ensured that the

grains would adhere to the coverslip during the experiment and prevent motion due

to convection currents. For heat-moisture treatment, a fresh drop of water was placed

on the sample and a concave microscope slide was placed on the coverslip to ensure

the grains remain hydrated throughout the experiment. To heat the sample, the

slides were placed onto a Peltier temperature control stage (Linkam Co., UK). To
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ensure efficient heat transfer, the sapphire coverslip was contacted to the stage. The

stage is capable of regulating the temperature between -10◦C and 100◦C. To initiate

swelling under heat-moisture treatment, the stage was quickly ramped to 80◦C and

then slowly ramped to 90◦C. Once swelling had begun, it could be arrested by cooling

the stage. No attempt was made to determine the precise temperature at the sample

location, but starch grains are known to undergo rapid swelling between 59◦C-65◦C

[193–195].

Starch grains are formed by layers of crystalline and amorphous material that

radiate from a central hilum core [203]. The crystalline layers are highly ordered

and give rise to a strong, polarization-dependant SHG signal which has been used for

imaging [180–184]. The amorphous layers do not permit SHG. While polarization-

resolved CARS can be used to probe system asymmetry, in its simplest form CARS

is a probe of resonant bond density and can provide complementary information to

the SHG images. For example, simultaneous CARS (at 2880 cm−1) and SHG imaging

of potato starch in water suggests that the crystalline layers have a lower density of

resonant bonds than the amorphous layers, as can be seen in Fig. 8.1a. The CARS

signal is clearly striated and the central hilum is visible. While the striations in the

SHG image are less clear, they appear to be anti-correlated with the CARS image. To

our knowledge, this is the first time bond density and crystallinity in starch have been

probed simultaneously. While these images appear to conclusively indicate that the

crystalline starch layers are less dense than the amorphous layers, further experiments

are necessary. As shown in chapter 6, CARS suffers from imaging artifacts that could

lead to erroneous conclusions. Furthermore, the crystalline matrix could demonstrate

a strongly dispersive birefringence, reducing the efficiency of CARS signal generation.
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Nevertheless, these images demonstrate the utility of simultaneous CARS and SHG

imaging for studying these samples.

By collecting a CARS spectrum from the potato starch grain, it is found that the

bright and dark striations demonstrate no difference in the shape of the spectral re-

sponse, although this is difficult to measure given the depth of field of the microscope.

In Fig. 8.1b, a representative CARS spectrum is included, taken from the region of

interest (ROI) highlighted in Fig. 8.1a. As expected, the starch grain has peaks in

the C-H and O-H regions.

As mentioned previously, the dynamics of heat-moisture treatment can be studied

using CARS and SHG imaging. Three images from a movie taken at 1.7 frames per

second of a swelling potato starch grain are shown in Fig. 8.1c. The swelling is rapid

and leads to a significant decrease of the CARS signal due to the drop in resonant

bond density. The decrease in the CARS signal is not uniform, however. It begins at

the center hilum and the grain swells from the inside out. This process is even more

clearly visible when using simultaneous CARS and SHG imaging. In Fig. 8.2a, three

frames from a movie of swelling rice starch grains are shown. In this, and other data,

the SHG signal clearly diminishes faster than the CARS signal, suggesting that the

crystalline structure must first become amorphous before swelling can occur. Spectral

scans taken subsequent to swelling, shown in Fig. 8.2b, confirm that the outer surface

of the grain is surrounded by intact starch which is significantly denser than what

remains inside of the grain. The SHG signal, however, has completed disappeared,

suggesting that there is no remaining crystallinity in the intact starch.

The techniques presented here will offer new insights into the dynamics of heat-

moisture treatment. Previous studies have identified nanoscopic pores and channels in
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Figure 8.1: Potato starch grains. (a) Overlaid CARS at 2880 cm−1 (red) and SHG
(green) images of potato starch grains. Striations associated with alternating crys-
talline and amorphous layers are clearly visible. Pump and Stokes beams are polarized
in the vertical direction. A Kalman average of 5 scans was used to acquire the image
in 5 seconds. (b) CARS spectrum of starch sampled from the ROI outlined in yellow
in (a). The spectrum has been normalized (divided) by the spectrum of the nonres-
onant background. (c) Start, middle, and end frames from a time course of a potato
starch grain swelling upon heating in excess water. Elapsed time between the first
and last frames is approximately 150 seconds.
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Figure 8.2: Rice starch grain swelling. (a) Start, middle, and end frames from a
time course of a rice starch grain swelling upon heat-moisture treatment. CARS
(at 2880 cm−1 and SHG images are shown on the left and right, respectively. SHG
colour scheme is blue-to-red-to-white; low-to-high. Elapsed time between the first
and last frames is approximately 150 seconds. (b) CARS spectra taken from the
ROIs indicated in (a). Comparing the spectra before and after swelling, the swollen
grain is surrounded by a higher density shell while there is almost no measurable
response from the center of the grain. The spectra in ROI 1, 2, and 3 are divided by
nonresonant background spectrum from the surrounding water (not shown).

the outer layers of starch grains that are hypothesized to participate in the exchange

of water and amylose that occurs during swelling [203]. The channels are well beyond

the spatial resolution of traditional light microscopes. In our experiments, swelling

appeared to begin at the hilum. Future experiments, perhaps using deuterated water,

could further test the swelling process by observing the dynamics of water penetration

into the starch grain and offer further insight into the swelling process.
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8.1.2 Cellulose imaging

Much like starch, cellulose is composed of a mix of crystalline and amorphous com-

ponents. The crystalline component of cellulose is nanometer-scale fibrils that are

formed in one of two configurations, either Iα or Iβ [199]. The main difference be-

tween Iα and Iβ crystalline cellulose is in the intra-molecular hydrogen bonding pattern

[199–201]. The changes in the hydrogen bonding pattern lead to changes in Raman

spectrum of these fibrils in the O-H region (3000-3400 cm−1) and this can be used to

identify the different crystal structures [200]. CARS microscopy should also be able

to chemically identify the different crystal structures as well as offer insight into fibril

orientation [200].

One of the purest forms of natural cellulose is cotton, which is mainly composed

of Iβ cellulose [58]. A sample image showing simultaneous CARS and SHG imaging

of a cotton fiber is shown in Fig. 8.3a. The CARS spectra from the ROIs indicated

in Fig. 8.3a are shown in Fig. 8.3b, where there are clear peaks in both the C-H and

O-H regions. It has been previously demonstrated using a combination of CARS and

spontaneous Raman polarization studies that the ratio of the two peaks in the C-H

region (2900 cm−1 and 2960 cm−1) is an indication of fibril orientation [58].

To further investigate the effects of fibril orientation on the CARS signal, a

“kinked” fiber was imaged. This fiber is bent such that the two pieces of the fiber

in the field of view are orthogonal to each other. While this cannot offer conclusive

proof of orientation, it does offer a mechanism for easily comparing the change in

spectral response of the fibers. In this experiment, the cellulose is hydrated by D2O

so that the O-H vibration response of the cotton can be measured free from a reso-

nant background. Note that in results not shown here, we found that after a month
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Figure 8.3: CARS and SHG from a cotton fiber in water. (a) Overlaid CARS signal
(red, 2900 cm−1) and SHG signal (cyan) from a cellulose fiber. The CARS response
demonstrates less structure than is visible in the SHG image. Pump and Stokes beams
are aligned vertically with respect to the image. (b) Representative CARS spectra of
cellulose and background water from the ROIs in (a).

of soaking in D2O, minimal proton exchange had occurred and the C-H and O-H

peaks remain, indicating the crystalline portion of the cotton is stable, especially on

the time scales required for the experiments presented here. A representative CARS

image taken at a Raman shift of 2900 cm−1 is shown in Fig. 8.4a and a SHG image

is shown in Fig 8.4b. The CARS spectral response is measured from different ROIs

highlighted in Fig. 8.4a and these spectra are shown in Fig. 8.4c. As expected, the

ratio of the 2900/2960 cm−1 peaks in the C-H region is different for the two ROIs

from orthogonally oriented portions of the fiber. The change in the ratio of 2900/3220

cm−1 (the C-H and O-H region peaks) is found to also be very large, in agreement

with other works [199–201]. To better visualize the change in the 2900/2960 cm−1

and 2900/3220 cm−1 peaks, the ratios of the images at the different Raman stretches
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Figure 8.4: CARS and SHG from a cotton fiber in deuterated water. (a) CARS image
taken at 2900 cm−1. Pump and Stokes beams are aligned vertically with respect to
the image. (b) Simultaneously-obtained SHG image. (c) CARS spectra from the two
ROI indicated in (a). Clear differences in the relative signal intensities at the C-H
and O-H stretch regions are visible. (d) Overlay map of the ratio of CARS signals at
2900/2960 cm−1 (red) and 2900/3220 cm−1 (green).

are shown if Fig. 8.4d.

Both ratios shown in Fig 8.4d demonstrate considerably more structure than any

CARS image taken at a single Raman stretch. Interestingly, the two ratios are

markedly different across the image and thus represent distinct measures of structure

in the fibers. A more accurate method to measure orientation is to use orthogonally

polarized light and probe the same area of a fiber rather than compare orthogonally

oriented fibers. To perform this experiment, cotton was again hydrated in D2O and
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Figure 8.5: A cellulose fiber is suspended in D2O and the CARS spectral response is
measured using orthogonally polarized excitation beams. The spectra from cellulose
are taken from the same ROI, clearly indicating a polarization dependant response
from the individual domains, suggesting a method to probe the orientation of the
fiber. The simultaneously recorded spectrum from D2O is included for comparison
and is averaged over the two orthogonally polarized scans.

the CARS spectrum was recorded with two orthogonal polarizations. As can be seen

in Fig. 8.5, the CARS spectrum from bulk D2O does not depend on the laser polar-

ization. The CARS spectrum from individual domains in the cotton fibers, however,

demonstrates a strong polarization dependance when looking at both the 2900/2960

cm−1 and 2900/3220 cm−1 ratios. This suggests that the ratio of the 2900 and 3220

cm−1 peaks in cellulose can be used to measure fiber orientation. Since the signal in

the O-H region is much stronger and more easily measured than the signal at 2960

cm−1, it may be an attractive alternative for future studies of orientation in cellulose.

We believe that spectral scanning will play a role in identifying molecular orienta-

tion in cellulose. By studying large areas of fibers (with simultaneous SHG) it should

be possible to study the effects of stress and strain on the dynamics of microfibril

orientation in cellulose. This could be of interest in characterizing cellulose for use
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in textiles and other industries. Our results indicate that any such studies would

benefit from studying both the C-H and O-H regions as they offer complementary

information on fibril orientation.

8.2 Geosciences1

One application area of NLO microscopy that has received little attention is fluid

inclusion analysis in the geosciences. Raman microscopy is frequently used in this

field and fluorescence imaging has proven advantageous for the identification of higher

hydrocarbons in fluid inclusion samples [204], but there have been only a few recent

studies of such samples performed using short pulse laser sources [189, 205]. Inclusions

offer insight into the history of the sample, for example enabling the determination

of the pressure and temperature at which the inclusion was formed [204]. Raman

microscopy can identify the constituents in individual inclusions, but it is not well

suited to high-throughput screening nor 3D mapping. Confocal fluorescence can map

the location of higher hydrocarbons, but cannot identify other constituents. In quartz

samples, SHG occurs at the interface of a fluid inclusion and allows 3D volume imaging

of inclusions [189] but does not offer any chemical specific identification. A common

method of screening the chemical species in samples is by crushing and analyzing the

released fluids by gas chromatography and/or mass spectrometry [206]. The difficulty

with this method is that it cannot differentiate between inclusions from different time

periods and origins in the sample. One method to avoid these difficulties is to use

a short pulse laser to machine a small opening so that only a single inclusion is

probed [205]. Ideally, however, it would be possible to perform 3D mapping and

1Aaron Slepkov provided the figures for this section.
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chemical identification of the fluid inclusions and identify the major constituents and

their relationships without requiring the sample to be destroyed, unless more detailed

analysis was warranted. Multimodal CARS microscopy shows great promise towards

achieving this goal.

8.2.1 Methods

Fluid inclusions were analyzed in five different samples1. The samples are doubly-

polished thin-sections that were prepared for microthermometric measurements. The

laser was tuned to probe Raman shifts from 2100-4000 cm−1, allowing imaging of

methane, crude oil, nitrogen, and water. TPEF is observed in some samples and is

thought to arise from higher hydrocarbons or aromatic compounds [211]. SHG is

present in the quartz substrate samples (samples 1-3), but not in the other samples.

The SHG is sensitive to both the fluid inclusion surface and discontinuities in the

structure of the quartz and is used for 3D imaging of both.

8.2.2 Results

A bright-field image of sample 1, shown in Fig. 8.6a and illustrates the abundance

of inclusions present. These inclusions are known to contain methane. The same

field of view is studied using CARS tuned to the methane peak at 2904 cm−1. A

350 × 350 × 78µm image volume is recorded and can be used to record the spatial

distribution of all the methane inclusions > 1µm in size in the field of view. An

image of the collapsed data set is shown in Fig. 8.6b, clearly showing the numerous

methane inclusions detected. The largest inclusion in the field of view (marked i in

1All samples provided by R. Burruss. Sample 1 has been studied extensively by R. Burruss but
the results are unpublished. Samples 2-5 have been previously studied [207–210]
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Fig. 8.6a and Fig. 8.6b) is studied in more detail using multimodal imaging. As seen in

Fig. 8.6c, SHG clearly outlines the outer extent of the inclusion and provides a method

of measuring the volume of the inclusion. The presence of TPEF in the sample (see

Fig. 8.6d) indicates the presence of trace amounts of higher hydrocarbons. As a note,

these hydrocarbons are prone to undergoing photochemistry after sustained laser

exposure. Further probing of the nature and onset of photochemistry in the sample

may be instructive in trying to identify the species present in future experiments. The

methane in the inclusion is imaged in Fig. 8.6e and a reference CARS spectrum from

within the inclusion, as well as the nonresonant background, are shown in Fig. 8.6g.

The three channels are overlaid in Fig. 8.6f and the ROIs from which the inclusion and

nonresonant background spectra were recorded are highlighted. It is worth noting that

the CARS spectrum of methane is peaked at 2915 cm−1, not 2904 cm−1 as expected

from Raman studies, due to the spectral reshaping of the CARS process.

A second field of view in sample 1 reveals additional features of the sample. Fig-

ure 8.7 shows a 3D image of a healed microfracture that causes a crystallographic

discontinuity that can be imaged using SHG (in green) [212]. The microfracture is

visible with neither bright-field microscopy nor with polarization microscopy, necessi-

tating the use of SHG. Using CARS microscopy, it is found that all of the methane-rich

inclusions (shown in red in Fig. 8.7) in the vicinity are closely associated with the

microfracture. In future studies, this should allow for identification of different gen-

erations of fluid inclusions. With bright-field or Raman microscopy, it would not be

possible to observe this colocalization. The two fields of view of sample 1 demonstrate

distinct features that suggest multiple events contributed to the history of this sample.

If bulk analysis were performed by crushing, it would not be able to distinguish from
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Figure 8.6: Multimodal images and CARS spectra of inclusions in sample 1. (a)
Bright-field, transmitted-light image and (b) CARS image of methane-rich fluid in-
clusions in quartz. (b) is a collapsed image stack taken through a 78 µm thick field of
view outlined in (a). (c) through (e) show the largest inclusion, labeled i in (a) and
(b). (c) is SHG, (d) is TPEF, and (e) is CARS from methane (2904 cm−1). (f) shows
all 3 channels overlaid. Spectra from the ROIs indicated in (f) are displayed in (g).

which inclusions the methane originates nor tie it to other crystallographic features

within the sample.

In sample 2 [207], two-phase inclusions are present which contain a mixture of

methane and water (see Fig. 8.8a). The water (green, Raman shift of 3220 cm−1) and

methane (red, Raman shift of 2904 cm−1) can be clearly identified and separated. By

recording a CARS spectrum, clear chemical signatures can be extracted, as can be

seen in Fig. 8.8b. By identifying and characterizing the ratio of the two constituents, it
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Figure 8.7: Methane-rich inclusions (imaged by CARS, red) are found to exist along
or adjacent to a crystallographic discontinuity in the quartz matrix (imaged by SHG,
green) in sample 1.

should be possible to identify the conditions under which the inclusions were formed.

Interestingly, not all inclusions in the field of view are two-phase inclusions, as might

be expected if all inclusions arose from the same time period.

Nitrogen is another species that can be found in a geologic setting and is present

in the methane inclusions in sample 3 [208]. The two-phases remain miscible and it

is only possible to reveal their presence using spectroscopic measurements. A sample

image of the inclusions is shown in Fig. 8.9a where the CARS signal shown in red is

due to the nonresonant background in the quartz matrix and the green colour is due to

TPEF. The TPEF is most likely from high-molecular-weight aromatic molecules [211].

The CARS spectral responses of different ROIs (indicated in Fig. 8.9a) are included in

Fig. 8.9b. The nitrogen signal is not immediately obvious from the CARS spectrum

and further processing is required. One method is to divide the resonant signal by

the measured nonresonant signal. A second method is to use the nonlinear Kramers-

Kronig algorithm (see section 3.5) to recover the spontaneous Raman spectrum from
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Figure 8.8: (a) A collapsed image stack from sample 2. 1-phase methane-rich and
2-phase water-methane inclusions are recorded. Methane (2904 cm−1) is coloured red
and water (3220 cm−1) is coloured green. (b) CARS spectra from the ROIs indicted in
(a). The spectra for ROIs 1-3 have been divided by the nonresonant background (ROI
4) to assist with visualization of the relevant chemical signatures. Inset: Spectra are
replotted on linear-log scale so that the water spectral response can be distinguished.

the inclusion. The spectra recovered using each processing technique are shown in

Fig. 8.9c. In both cases, the nitrogen response can be recognized at ∼ 2320 cm−1

while the methane peak remains visible. There is no evidence of a CARS response

from the fluorescent aromatic compounds, but, given the weak signals, we believe

them to be present in trace amounts, below the detection limit for CARS microscopy.

Higher hydrocarbons have been previously identified in high-temperature meta-

morphic rock samples using gas chromatography [213], but the origin of these com-

pounds is not known. Some authors have suggested that the detected species are

formed by an abiogenic process in the deep earth [214, 215]. Abiogenic generation

of higher hydrocarbons could contribute to gas reserves but the existence of such

processes is controversial. Sample 4 is a metamorphic rock sample that is known

to posses methane-rich fluid inclusions [209]. Using CARS and TPEF to study the
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Figure 8.9: CARS image of methane-nitrogen inclusions. (a) Simultaneous CARS
(red) and TPEF (green) imaging of a single plane in sample 3. TPEF probably
originates from high-molecular-weight aromatic molecules in these inclusions. The
spectra from the indicated ROIs are shown in (b) and (c). (b) Unprocessed CARS
spectra from an inclusion and the surrounding quartz. (c) The spectrum from (b) is
processed in two ways in order to assist with extracting the resonant response. The
CARS response from the inclusion is divided by the nonresonant background response
from the quartz. For comparison, the spontaneous Raman spectrum is retrieved using
the nonlinear Kramers-Kronig algorithm (see section 3.5).

sample (there is no SHG from the matrix in this case), we found TPEF signals which

suggest the presence of higher hydrocarbons. Figure 8.10 is a 3D projection of an

image volume taken of the sample. CARS from methane is shown in red and TPEF is

shown in green. There are numerous areas where the green and red overlap to form a

yellow colour, however, we believe this due to an imaging artifact caused by a strong,

purely nonresonant FWM signal that is detected in both channels2. Nonetheless,

there are clear regions of isolated CARS and TPEF that indicate distinct species.

By identifying higher hydrocarbons in presence of methane in other rocks similar to

samples 3 and 4, it will be possible to identify areas for further investigation by other,

2It should be possible to determine if this signal is due to an instantaneous process like FWM or
fluorescence using TCSPC-based detection similar to that shown in chapter 4.
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Figure 8.10: Multimodal microscopy within metamorphic rocks. A 3D projection of a
z-stack of methane-rich inclusions (shown in red) within a hornblende grain in sample
4. TPEF, possibly from higher hydrocarbons, is coloured in green. Dimensions in
µm are given on the axes.

higher-sensitivity techniques. This will enable further identification and characteriza-

tion of these fluorescent constituents and could clarify the potential role of abiogenic

processes in the generation of these species.

Beyond searching for trace amounts of high-molecular-weight compounds, multi-

modal CARS microscopy can be used to study “macroscopic” quantities of such mate-

rial in fluid inclusions. Sample 5 is known to contain crude oil inclusions and methane

[210]. However, the presence of highly fluorescent aromatics in the oil preclude con-

focal Raman studies because of the strong background signal [204]. Using CARS

microscopy, we were able to record the vibrational spectrum of the species present in

the inclusion despite the fluorescence background. The significantly stronger signal

levels from CARS in a “bulk” sample relative to spontaneous Raman is one important

reason for this success. Furthermore, because the signals (both CARS and TPEF) are
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Figure 8.11: Multimodal image and CARS spectra of crude oil in fluid inclusions,
sample 5. (a) CARS (red, 2850 cm−1) and TPEF (green) imaging of a crude oil
bearing rock. Spectra are recorded the from ROIs 1 (the vapour bubble) and 2 (crude
oil). (b) The black trace (ROI 1) indicates the vapour bubble is largely methane with
some higher hydrocarbon components. The methane peak visible in the red trace
(ROI 2) indicates that methane is dissolved in the liquid crude oil. A spectrum of
pure octadecene is presented in blue for comparison. All spectra have been scaled.

only generated from the focus, out-of-focus background fluorescence will be reduced

compared to spontaneous Raman studies. An example field of view from sample 5 is

presented in Fig. 8.11a showing a two-phase inclusion. The CARS signal (2850 cm−1)

is shown in red and the TPEF, shown in green, can be clearly distinguished. The

CARS spectrum is recorded for the sample and the response from the different ROIs

may be seen in in Fig. 8.11b. The vapour bubble is relatively non-fluorescent and

appears to be mostly methane. A CARS spectrum can be successfully collected from

the highly fluorescent condensed phase as well. By comparing this spectrum with the

reference octadecene spectrum included in Fig. 8.11b, it is clear that this phase is

mostly a mixture of higher hydrocarbons with a dissolved methane component.

NLO microscopy in general, and multimodal CARS microscopy in particular,
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clearly have a role to play in the study of geologic samples. SHG, TPEF, and

CARS provide complementary information about fluid inclusion samples. Using these

techniques, we have demonstrated routes to identifying fluid inclusions tied to dif-

ferent geologic events. We have identified what appears to be high-molecular-weight

species inside methane fluid inclusions in samples from the deep earth. Future studies

could use laser ablation combined with gas chromatography to selectively isolate these

molecules in an attempt to understand their origin and what role abiogenic processes

may play in their formation. For the study of crude oil bearing inclusions, we have

demonstrated the ability to acquire vibrational spectra in a highly fluorescent samples

which are frequently viewed as nearly impossible to probe with Raman spectroscopy

[188]. It may be possible to use simultaneous FLIM and CARS to better isolate the

two signals and allow for higher signal to noise spectroscopy which will yield higher

fidelity in chemical identification in these inclusions. By extending our spectral scan

range to the fingerprint region, it will be possible to localize other species of interest.

For example, we should be able to detect CO2, H2S, and others from the Raman

spectroscopy “list of wishes” for fluid inclusion analysis [188].

8.3 Biomedical

As mentioned previously, biomedical applications of CARS microscopy have been

one of the driving forces of the field and one of the main attractions to newcomers.

We have collaborated on several projects in this area. One of these projects was

briefly highlighted in chapter 3. Atherosclerotic plaques display endogenous SHG

due to collagen, TPEF from elastin in the artery wall, and CARS from lipid bodies.

By measuring all three signals simultaneously, it is possible characterize the relative
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plaque burden in the artery and differentiate between healthy and diseased tissue

[216]. This has the potential to be used in vivo, although further developments

to enable fiber delivery of the excitation pulse will be needed. These results could

serve to guide imaging the of other tissues as well. For example, ovarian cancer

has been studied using both SHG [217] and spontaneous Raman spectroscopy [218].

Multimodal CARS imaging should allow both sets of information to be collected

simultaneously and might offer improved discrimination in diagnosis.

It is also possible to use spectral scanning to further characterize atherosclerotic

samples and this may provide additional information for characterizing plaque burden.

In Fig. 8.12a, a sample multimodal image of a plaque is shown (blue is from SHG

from collagen, green is from TPEF from elastin and red is CARS from lipids). The

CARS spectra from the ROIs in Fig. 8.12a are plotted in Fig. 8.12b. We see here

that lipids which are spatially colocalized with collagen have a spectral response

distinct from those CARS emitters not associated with collagen. Recent studies

using multiplex CARS microscopy have shown evidence of spectral changes in lipids

in diseased arteries [219]. No SHG was collected from these samples, however, so it

is unclear if these changes are correlated with the presence of collagen.

We have also studied the hepatitis C virus (HCV) which is known to affect lipid

droplet formation in human liver cells [220]. CARS provides an ideal tool for studying

lipid droplets in live-cells as it can track them in real-time without the need for labels.

We have used several different approaches to the study of both live and fixed human

liver cells. CARS microscopy can be simply used to quantify the total lipid content

in the cells, however, a more informative approach is to study lipid droplet formation

over time. This can be performed by placing an incubator on the microscope stage
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Figure 8.12: (a) A sample image of an atherosclerotic plaque. SHG from collagen
(blue), TPEF from elastin (green) and CARS from lipids (red) are all visible. (b)
Spectra from the ROIs indicated in (a). Lipids associated with collagen show spectral
features distinct from those not associated with collagen.

and studying the living cells over a long time period, allowing us to track the evolution

of lipid morphology in response to viral infection. A sample of images from an eight

hour time course are shown in Fig. 8.13. We have found that increases in the lipid

content in the cells are indicative of viral infection [220].

While CARS can be used to quantify the total lipid content of a cell, it cannot

unambiguously identify the cause of any deviations from normal morphology. When

attempting to study the effects of drugs on HCV behaviour, it is important to iso-

late which cells are infected. To help ensure that observed changes are due to viral

infection, the HCV RNA can be tagged with a fluorescent label. This allows cells

of interest to be identified and studied over long time periods, both before and after

treatment with drug compounds. An example TPEF (green) and CARS (red, 2850

cm−1) image of fluorescently tagged RNA inside a cell may be seen in Fig. 8.14a. An-

other option for characterizing cell infection is to use an HCV construct that causes
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Figure 8.13: Using a microscope stage incubator, an eight hour time course of live hu-
man liver cells has been recorded using CARS, allowing the visualization of changing
lipid droplets. Scale bar is 10 µm.

infected cells to also produce green fluorescent protein (GFP). While this does not

provide a guide for choosing an initial cell for study, it does provide a clear indicator

of successful transfection and viral expression. Figure 8.14b is a sample image of a

cell expressing GFP. The difficulty with this approach is that successful transfection

is only recognized towards the end of the experiment, after many of the relevant

changes to cell behaviour have occurred. Performing many successive experiments

permits accurate statistics to be obtained.

HCV is known to affect lipid trafficking along microtubules inside cells [221]. To

monitor this change in lipid transport, different approaches can be utilized. The

microtubule network can be fluorescently stained and lipid droplets can be monitored

using CARS microscopy. This allows for relatively straightforward colocalization

experiments, as is illustrated in Fig. 8.15a. The difficulty with these experiments is

that active transport inside a cell is fast and requires rapid imaging. During long time
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Figure 8.14: TPEF can be used to complement CARS microscopy to correlate viral
infection with changes in cell phenotype. In both images, green is TPEF and red
is CARS at 2850 cm−1. (a) HCV RNA is fluorescently labeled. Only cells which
have been successfully transfected will be fluorescently labeled. (b) To ensure viral
proteins are being expressed, an HCV construct that also causes GFP to be produced
is used. The presence of GFP after incubation is a marker of successful transfection.
Scale bar in both images is 20 µm.

courses, phototoxicity can become problematic. To overcome this problem, we use

DIC imaging supplemented with CARS images. DIC, as mentioned in chapter 2, is a

linear optical technique that offers label-free images with contrast primarily based on

changes of the index of refraction of the sample. DIC can be performed with extremely

low laser powers, however, it lacks chemical specificity. By using CARS sparingly,

we can interleave chemical specific images with DIC images, allowing tracking over

long time periods. In our case, using the same laser for both DIC and CARS ensures

that the images are spatially correlated. Fig. 8.15b shows an overlay of CARS and

DIC where the lipid droplets have been highlighted in the cells using CARS. For

colocalization experiments with microtubules, fluorescent dyes can be utilized. TPEF

from these dyes can be effectively measured with lower power levels than are required
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Figure 8.15: Cellular transport of lipids can be monitored using different techniques.
(a) Simultaneous CARS (red 2850 cm−1) and TPEF (green, tubulin tracker green
dye) can be utilized to perform colocalization experiments. Scale bar is 10 µm. (b)
Interleaving CARS images with DIC images, lipid droplets can be identified using
CARS and tracked using DIC. A sample overlay image where red is CARS due to
lipids and the grey is DIC. Scale bar is 5 µm. (c) DIC (grey) and TPEF (green,
tubulin tracker green dye) can also be combined to perform colocalization studies.
Scale bar is 10 µm.

for CARS, reducing phototoxicity effects. A sample DIC-TPEF image is shown in

Fig. 8.15c.

8.4 Water-Ice Imaging

CARS microscopy is widely used to study the C-H stretching region (2700-3000 cm−1)

and is increasingly being used to probe lower wavenumber shifts. It has, however,

found comparatively little applicability in the study of higher energy Raman shifts in

the O-H region (3000-3400 cm−1). Our results on starch and cellulose demonstrate

the utility of probing the O-H stretch for understanding structure in complex car-

bohydrates. The dearth of studies utilizing CARS microscopy to examine water for

biomedical applications, however, is surprising given the wide range of other tech-

niques used to study cellular water [222]. Water flow in cells has been probed by
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CARS microscopy by studying H2O-D2O exchange through the cell membrane [223].

Water orientation adjacent to lipid membranes (structured water) has also been inves-

tigated using CARS microscopy, resulting in conflicting conclusions [224–227]. The

major challenge in studying water using CARS microscopy is that its Raman spec-

trum is broad and relatively featureless. This makes it difficult to distinguish water

from the nonresonant background. Furthermore, in cells where the C-H signal varies

greatly, the destructive interference on the blue side of the CARS C-H resonance

complicates interpreting any signals in the O-H region. Another difficulty of inter-

preting spectra in the O-H region can be illustrated with spectral scans from dry and

hydrated cellulose. When comparing the CARS signals in the O-H region from the

two samples, there is a clear increase in the O-H response of hydrated cellulose (as

expected). As seen in Fig. 8.16, this increased response is structured when compared

to the response from bulk water. This could lead one to interpret this as evidence

of structured water. However, the “structured” water signal can be recreated by a

“coherent” addition of the dry cellulose and bulk water O-H responses by using equa-

tion 8.1. We find that with A2 set to 0.35 and A1 and A3 set to 1 (i.e. unnecessary),

the spectral response from hydrated cellulose can be recreated. This highlights the

difficulty of imaging water using CARS microscopy and some of the possible missteps

that can occur.

I2sum = A1(A2I
2
water + A3I

2
dry) (8.1)

Despite the challenges of using CARS for imaging in the O-H region, it can still

offer insight into processes in cells. For example, it could be used to study cryop-

reservation of cells. The Raman spectrum of water is known to change as a function
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Figure 8.16: Interpreting O-H Region CARS Signals. Hydrated cellulose (navy line)
has a much stronger CARS response in the O-H region than dry cellulose (green line).
The O-H signal could suggest the presence of structured water; however, if the CARS
response from water (red line) is “coherently” added to the dry cellulose response, the
resulting signal (teal line) matches the O-H response from hydrated cellulose. This
suggests the water in cellulose is not structured.

of temperature [228]. Furthermore, it narrows and shifts to lower wavenumbers when

ice forms [229]. Using CARS microscopy, we should be able to follow the dynamics

of ice formation in live cells with the goal of studying cryopreservation in cells. One

proposed method of preventing cell damage is to treat the cells with antifreeze gly-

coproteins (AFGPs) [230, 231]. These proteins suppress the freezing point of water

while maintaining the melting temperature at 0◦C [231]. Raman spectroscopy studies

have demonstrated that the AFGPs do not significantly alter the vibrational spec-

trum of water or ice [232]. The inducement of thermal hysteresis without altering the

Raman signature of water or ice makes AFGPs an excellent system for developing

effective CARS microscopy techniques for observing water-ice dynamics.

In order to create a stable water-ice interface, we used the same Peltier thermal
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control stage that was used for the heat-moisture treatment studies of starch. The

AFGP solution was placed on a sapphire coverslip and covered with a spacer and a

microscope slide. For these experiments, either an ester oil was used on the objective

instead of water (the oil is index matched to water) or an air objective was used.

The entire sample was covered by a glass case that was either purged with nitrogen

or carbon dioxide to prevent water condensation that would interfere with signal

collection in the forward direction. The thermal stage was set to −10◦C and allowed

to stabilize. In many cases, the water supercooled and ice did not nucleate. To

initiate ice formation, dry ice was applied to the top microscope slide. This led to the

entire sample volume undergoing a phase transition. The temperature of the thermal

stage was then slowly ramped up in while laser scanning was performed. The ice

began to melt, but the process was slow. If the temperature setting on the stage

was decreased during melting, the processes was arrested. If correct temperature

settings were used, the ice crystals did not increase in size due to the freezing point

suppression and recrystallization inhibition caused by the AFGPs.

When a water-ice interface is stabilized, it is visible under bright-field imaging but

establishing the state of the visible components is challenging. CARS spectroscopy

permits easy identification of the different phases. Figure 8.17 presents two sample

images of the same field of view, with the Raman shift chosen for positive contrast for

ice (3100 cm−1, Fig. 8.17a) and for water (3200 cm−1, Fig. 8.17b). The difference in

the spectral response of the two phases is shown in Fig. 8.17c where it is clear that the

CARS spectrum of ice has shifted to lower wavenumbers and narrowed considerably.

The CARS spectrum of water should be indicative of the temperature of the

liquid. During any one initial cooling run from room temperature to −10◦C, changes
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Figure 8.17: Water-ice imaging. (a) A water-ice interface imaged at 3100 cm−1

demonstrating positive contrast for ice. (b) The same interface imaged at a Raman
shift of 3200 cm−1 showing positive contrast for water. (c) CARS spectra taken from
the ROIs in (a) and (b). The ice/water ratio is also included.

in the CARS spectrum were indicative of supercooling. Unfortunately, changes in the

output of the PCF over the course of multiple experimental trials resulted in sufficient

variability in the spectra recorded that it was impossible to use any one data set as

a predicative measure of the temperature. This is best illustrated by looking at

the spectral response of water from many different water-ice interfaces (Fig. 8.18a).

The peak position, width, and overall shape of the CARS spectra differ significantly

despite all being taken from samples where water is in stable equilibrium with ice.

While the spectra shown here are unprocessed (except for normalization), dividing

by a nonresonant background spectrum taken in an immediately subsequent scan

in glass does not significantly reduce the variability. The nonlinear Kramers-Kronig

algorithm (see section 3.5) fails when attempting to retrieve the Raman spectrum

because the broad resonant response from water varies on the same order as changes

in the nonresonant background.

Despite the inability to use the CARS spectrum as a measure of the temperature

of the water, it is possible to consistently achieve excellent water-ice contrast. This is

illustrated in Fig. 8.18b. Here, for each field of view used in Fig. 8.18a, the spectrum
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Figure 8.18: Identifying a robust water-ice contrast mechanism. CARS spectra are
acquired for different water-ice mixtures such that the water and ice spectra are
acquired simultaneously. (a) Raw CARS spectra of water. Significant variability is
present in the measured spectral responses. (b) The spectral response of ice divided
by the spectral response of water. Despite significant variability in the overall spectral
response for each sample, the ratio of ice/water is nearly constant suggesting difference
imaging could provide an effective contrast mechanism.

of the ratio of ice/water is shown. We see that, regardless of the absolute variability

of the spectral response, contrast between water and ice can always be achieved. This

suggests that for future studies of ice formation in cells, it will be necessary to perform

spectral scans in order to positively identify ice and water. With this capability, it

should be possible to observe ice formation dynamics in live cells and tissues.

8.5 Conclusion

CARS microscopy is frequently touted as a technique that can answer questions in

many different fields of study. The applications shown here demonstrate the broad

range of applicability of CARS microscopy, however, it is multimodal imaging that

seems to offer the greatest flexibility and ability to offer new insights into many dif-

ferent fields of research. For biomaterials such as starch, the combination of chemical
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specific imaging with the capability of imaging long range structure using SHG should

allow for the study of dynamic processes and enable us to answer basic questions

about its structure. For cellulose, the polarization dependent response of the CARS

process itself will enable studies of orientation in fibers. This could be used to study

the degradation of cellulose and possibly study how mechanical properties are tied

to long range molecular structure. Fluid inclusion studies are likely to benefit from

the application of multimodal CARS microscopy. It should allow for more detailed

3D mapping of inclusions and for the the locations of inclusions to be tied to changes

in the crystal structure observed using SHG. TPEF shows promise for identifying

organic molecules inside inclusions, but more detailed analysis will likely be needed

to confirm which molecules are being probed. The ability to study crude oil fluid

inclusions could be of interest to the petroleum industry. Beyond fluid inclusions,

SHG seems to have been under utilized in the characterization of crystallographic

features in geologic samples and will likely find more use in the future. Biomedical

applications of CARS microscopy will continue to develop and be applied to different

problems. Both live cell and tissue imaging can make use of CARS microscopy with

multimodal imaging of tissue imaging likely to play an increasing role. Water-ice

dynamics is one area where spectral scanning CARS could be used as an effective

measurement technique. The applications demonstrated here are likely only a few of

the diverse set to which multimodal CARS microscopy will be applied in the future.



Chapter 9

Summary and Conclusion

9.1 Summary and Outlook

At the start of this work CARS microscopy was still in its early stages and could be

labeled a technique in search of a problem. This is starting to change and hopefully

this work has contributed to this ongoing change. While single-molecule (or at least

very low concentration) CARS microscopy would likely revolutionize many fields of

research, it may never reach that level of sensitivity. It is likely that CARS will be

most successful if it is viewed as an additional source of information that can be used

as part of a multimodal microscopy suite of tools. This outlook has influenced many

of the experiments presented here.

Laser sources for CARS microscopy tend to be complex, expensive, and tailored

specifically for CARS processes. All of these characteristics can act as inhibitions

to the adoption of the technique. Furthermore, the optimal pulse length (and hence

spectral width) for CARS microscopy depends on the Raman mode being studied,

so lasers with a fixed spectral width can prevent optimal performance. We have
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demonstrated that by using chirped pulses, it is possible to overcome this restriction.

The upper limit of the spectral width is determined by the laser source (shorter

pulses have a higher limit), and the lower limit is set by the ability to match the

chirp rates of the pump and Stokes beams. Using chirped pulses has a significant side

benefit, it allows for a straightforward method of scanning of the Raman mode probed

by changing the time delay between the two pulses. The calibration of time delay

to frequency difference of such a system can be performed in the microscope using

SFG in KDP or a nonresonant CARS signal. Another benefit of utilizing chirped

pulses is that is allows for compromises between CARS performance and signals from

other NLO processes for multimodal microscopy. We chose to implement chirped

pulse CARS using a single laser source. We use the output of a Ti:Sa laser as the

pump and generate the Stokes using a PCF. With careful thought about proper

implementation, noise from the PCF can be avoided and high quality multimodal

images can be acquired. The broad bandwidth of the Stokes allows us to probe a wide

range of Raman shifts without realigning the laser. If the laser center wavelength is

changed, however, it is possible to acquire CARS spectra from 850-4000 cm−1 while

still allowing for other NLO imaging modalities. The spectral shape of the Stokes can

complicate analysis of the CARS spectrum in some circumstance, but we have shown

that retrieval algorithms can cope with the resultant structure in the nonresonant

background if the proper offset signals are recorded. We have also shown that our

PCF based CARS system can be easily converted to a FM-CARS or SRS microscopy

system without substantial additions or complications. The laser source we have

implemented is a practical alternative for many potential CARS users and offers a

high degree of flexibility. It allows for effective multimodal imaging and should be
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able to be straightforwardly implemented by many researchers.

The phase-matched CARS process is substantially more efficient in the forward

direction, but most microscopes, however, are designed for epi-detection. In tissue

imaging of dense, heterogeneous media, the back-scattered CARS signal can pro-

vide sufficient contrast, but for many samples, collection in the forward direction is

preferred. While a simple setup such as a mirror and a PMT will suffice for many

purposes, we have shown that a low-loss fiber collection apparatus is more versatile

and can be used without a significant distortion of the of signal. With this setup, it

is possible to direct the collected signal to a PMT for imaging or a spectrometer for

calibration without the need to change alignment. If designed correctly, it acts in a

similar manner to a confocal pinhole, rejecting scattered light and making imaging

substantially more practical. We have shown that such a fiber-coupled system can

also be used for TCSPC-based FLIM. While the fiber does lead to some distortion

of the photon arrival times, this is relatively small when compared to the temporal

resolution of the detectors used. Furthermore, it is possible to characterize this dis-

tortion and it should be possible to correct for it in a practical sample. For many

systems, the CARS signal levels are compatible with TCSPC based techniques and

this should allow for better discrimination between spectrally overlapped fluorescence

and CARS signals in many samples. For example, in crude oil fluid inclusions, it may

be possible to use FLIM to better isolate the CARS response from the fluorescent

background. In the future, using TCSPC based detection should allow CARS to be

combined with FRET microscopy. We plan to use such a technique to study protein

dynamics around lipid droplets during HCV infection.

Many different free-space laser implementation for CARS microscopy are available;
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however, they require a regulated environment and careful initial alignment. These

requirements are impractical if multimodal CARS imaging is to be used in a wide

variety of settings (e.g. in clinics). An all-fiber laser source, however, is stable against

vibrations, is not prone to misalignment due to environmental fluctuations, and can be

constructed in a relatively compact package. The practical implementation of CARS

microscopy using an all-fiber source will require several advances. One necessary step

is the generation of the pump and Stokes entirely in fiber with no free-space signal

generation. We have shown that using new UHNLFs, it is possible to use all-fiber

light generation that allows for multimodal imaging of practical samples. While our

implementation used some free-space coupling optics, it should be possible to replace

most of these with fiber components. By optimally chirping the output pulses from

this system, it can be utilized for multimodal CARS microscopy that achieves similar

performance to free-space lasers. Our work demonstrates that by using UHNLFs, it

is possible to perform multimodal imaging using only a single fiber laser source.

Coherent microscopy techniques are prone to imaging artifacts that do not affect

incoherent microscopies. CARS microscopy is no exception and several such artifacts

have been demonstrated. We had observed one such artifact when acquiring 3D im-

ages. The CARS signal of some objects appeared to have an asymmetric profile when

scanned along the optic axis. We have shown that this effect can be traced to the

Gouy phase shift which had been previously thought to have little effect on CARS

image formation. This indicates the need for continued work on understanding imag-

ing formation in CARS microscopy if it is to become part of the standard set of tools

in multimodal optical microscopy. Numeric models could lead to new deconvolution



CHAPTER 9. SUMMARY AND CONCLUSION 167

techniques that would reduce the effect of some of these artifacts. This will be par-

ticularly important for tissue imaging where rescattering from heterogeneous media

is responsible for a large portion of the detected signal. Understanding how the dif-

ferent signals are generated and scattered in these samples will assist in interpreting

images and will be of benefit as these techniques are to be applied to a wider variety

of problems.

While existing laser sources offer sufficient contrast for practical CARS microscopy

in many experiments, new sources would allow for new opportunities. For example,

it may may be possible to further enhance contrast in CARS microscopy utilizing

coherent control techniques. This requires a laser source with broad bandwidth (>

200 nm), high pulse energies (> 400 nJ), and high repetition rates (> 1 MHz). Devel-

oping such a system is challenging and requires continued efforts. Using an extended

cavity oscillator design, we have demonstrated a system that is capable of generating

3.46 W output power at a repetition rate of 5.23 MHz (660 nJ/pulse) with 11 nm of

bandwidth at a center wavelength of 810 nm. While such a system should allow for

white light generation to meet the bandwidth requirements for coherent control ap-

plications, there is still room for improvement. A more thorough understanding and

characterization of the thermal lens in this system is necessary because the astigma-

tism introduced by thermal effects has a severe negative impact on the performance

of the laser. Cooling the laser crystal offers significant improvements, but offers its

own challenges in the design of the crystal mount. Other solutions to reduce the

astigmatism seem to be necessary. For example, it might be possible to reduce the

effect of the astigmatic thermal lens by precompensating the pump beam. Beyond

addressing the effects of the thermal lens, it is also possible that when operating
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at high powers, the SESAM used in the cavity may change behaviour and have a

detrimental impact on performance. The response of the SESAM to pulsed light and

temperature changes should be better characterized as it may be possible to improve

the laser output by improving the SESAM characteristics. While there are currently

challenges limiting the use of these sources for microscopy, they are slowly developing

and will likely be utilized in the future. While coherent control techniques for CARS

microscopy are one possible use of such a laser, it could also be used for multimodal

microscopy, hyperspectral fluorescence imaging, laser surgery, or STED. With the po-

tential wide applicability of this source, continued development will provide benefits

for future research.

CARS microscopy is occasionally assumed to mean lipid imaging for biomedical

applications. While CARS microscopy has been and continues to be successfully

applied to lipid imaging, it can also be applied to other structures. Biomaterials

such as starch, cellulose, chitin, and bone have the same beneficial properties as

lipids for CARS imaging—high density of resonant molecules and a strong Raman

response. Furthermore, the long-range structure of these materials often means that

they demonstrate intrinsic SHG which allows an additional contrast mechanism to be

utilized. We have studied both the structure and heat-moisture treatment of starch

using multimodal CARS microscopy. The crystalline layers in a starch grain can

be identified using SHG and the density of these layers can be probed using CARS

microscopy. This should allow us to determine which layer in a starch grain has a

higher density. Before this can be definitively measured, however, a more careful

study of the possible imaging artifacts present in these samples is needed. For heat-

moisture treatment of starch, the rapidity of CARS imaging is necessary to correlate
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density changes with changes in the crystallinity of the grain visible using SHG.

Our initial results indicate the crystalline component degrades prior to swelling, but

further investigations are warranted. The dynamics of starch swelling could also be

studied using deuterated water. This would allow us to monitor where and how the

water enters the starch grain during heat-moisture treatment. It had been previously

shown that CARS imaging can used to monitor orientation and domain structure

in cellulose by characterizing the ratio of two C-H peaks (2900/2960 cm−1). Our

results indicate that the ratio of the C-H and the O-H peaks (2900/3220 cm−1) offers

complementary information. The O-H peak is substantially stronger than the 2960

cm−1 C-H peak and should offer a more robust means of measuring orientation. By

extending these measure into the fingerprint region, we expect to see further evidence

of orientation. This should allow for us to build a more complete picture of the

orientation of microfibrils in cellulose.

To our knowledge, multimodal CARS microscopy has not been applied to the

geological sciences. The need for high-speed imaging can appear incongruous with

studying samples that are stable on geologic time scales; however, it is beneficial

to characterize the location of fluid inclusions in 3D. This allows fluid inclusions

from different generations to be identified and their interrelationships studied. This

will be of assistance when performing more detailed chemical analysis of samples by

crushing them. We have shown that CARS microscopy can identify the chemical

constituents inside the fluid inclusions and SHG can image defects in the surrounding

rock structure. Using TPEF, we believe we have identified trace organic compounds

that are associated with existing fluid inclusions. This may prove useful in trying to

understand the origin of these compounds and discerning whether abiogenic processes
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in the deep earth have contributed to their generation. Crude oil can also be identified

with TPEF. While this was previously known, we have shown that multimodal NLO

microscopy can record the TPEF signal and extract a Raman signature from both

the condensed oil phase and vapour bubbles trapped in the inclusion. This should

allow more detailed analysis of these inclusions than has been previously possible.

Multimodal microscopy could prove useful for other areas of the geosciences as well.

For example, multimodal microscopy may prove useful for the study paleobotany

samples such as pollen.

Biomedical imaging was one of the first demonstrated applications of CARS mi-

croscopy and continues to be an area of active research. Both live-cell and tissue

imaging can benefit from using CARS microscopy. We have used multimodal CARS

microscopy to study atherosclerotic plaques. Simultaneous SHG, TPEF, and CARS

imaging have been used to characterize the severity of these plaques ex-vivo. This has

allowed the development of guidelines that could be used for pathology, but will much

more likely be used for in vivo characterization if endoscopic techniques are developed.

Future areas of work will be to use CARS spectral scanning to study changes in lipids

associated with collagen structures in these samples. Live-cell imaging using multi-

modal CARS microscopy is another area we have pursued. This offers a controlled

environment which allows us to study the chemical and morphological changes that

occur during infection. We have studied HCV which is known to affect lipid drop for-

mation and trafficking in liver cells. CARS offers label-free tracking of these droplets.

TPEF can be used to provide unambiguous identification of infected cells. It could

also be used for FRET imaging and we hope to combine CARS with FRET imaging

to study to what extent viral proteins displace cellular proteins around lipid droplets.
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Understanding this process could lead to new treatment strategies for HCV. On work

on both atherosclerotic plaques and HCV imaging could provide guidelines for other

biomedical applications of multimodal CARS microscopy.

Cellulose and starch are only two of many materials that have a Raman response

in the O-H (3000-3600 cm−1) region. Hydroxyapatite in bone is another material

that has a Raman O-H response and we are beginning to study that as well. While

these materials are important for industrial processes and research, arguably the most

important system with a characteristic Raman signature in the O-H region is water.

Unfortunately, water has proven to be difficult to study using CARS microscopy be-

cause the resonance is broad and relatively featureless. For optimal performance, very

short pulses are needed and even with these it is difficult to distinguish the resonant

response from the nonresonant background. Identifying structured water is one area

to which CARS microscopy has been applied, but this can be fraught with difficulties.

As we have shown in this work, it is possible to mistake the coherent addition of a

resonant and nonresonant signal for the signature of structured water. This clearly

demonstrates some of the challenges in deriving useful information from the CARS

response of water. We have demonstrated one area where CARS microscopy should

prove useful, however: for the study of water-ice interfaces. The change in the Raman

response of water when it forms ice is distinct and easily recognizable. By collecting

the CARS spectrum, it is possible to differentiate ice from water. This has potential

applications in the study of ice formation in cells and tissues and may prove useful

for the study of cryopreservation.
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9.2 Conclusion

The enthusiasm and excitement surrounding coherent Raman microscopy is under-

standable. The ability to perform rapid, label-free, chemical-specific imaging could

fundamentally change the way we study many systems. CARS microscopy is being

applied to an ever increasing number of systems and it seems inevitable that others

will follow these early adopters. That being said, CARS microscopy has only just

transitioned from its infancy to a more mature technique that is accessible to a wider

range of potential users. Hopefully this work will assist in this transition and offer

guidance to those who follow. There is still room for new techniques that improve

contrast and sensitivity, especially in the fingerprint region. More detailed models

of image formation in heterogeneous environments like tissue are needed. Many of

the current applications of CARS microscopy can be best characterized as proof of

concept and more detailed studies to answer more fundamental questions are sure to

follow. The field is still relatively wide open and it is doubtful that the excitement

around coherent Raman microscopy will fade anytime soon.



Bibliography

[1] J. B. Pawley, ed., Handbook of Biological Confocal Microscopy (Springer, 2006).

[2] W. Denk, J. Strickler, and W. Webb, “Two-photon laser scanning fluorescence

microscopy,” Science 248, 73–76 (1990).

[3] P. J. Campagnola, M.-d. Wei, A. Lewis, and L. M. Loew, “High-Resolution Non-

linear Optical Imaging of Live Cells by Second Harmonic Generation,” Biophys.

J. 77(6), 3341–3349 (1999).

[4] D. Yelin and Y. Silberberg, “Laser scanning third-harmonic-generation mi-

croscopy in biology,” Opt. Express 5(8), 169–175 (1999).

[5] P. Dumas, G. D. Sockalingum, and J. Sul-Suso, “Adding synchrotron radiation

to infrared microspectroscopy: what’s new in biomedical applications?” Trends

in Biotechnology 25(1), 40 – 44 (2007).

[6] G. Turrell and J. Corset, eds., Raman Microscopy: Developments and Applica-

tions (Academic Press, 1996).

[7] M. D. Duncan, J. Reintjes, and T. J. Manuccia, “Scanning coherent anti-Stokes

Raman microscope,” Opt. Lett. 7(8), 350 (1982).

173



BIBLIOGRAPHY 174

[8] A. Zumbusch, G. R. Holtom, and X. S. Xie, “Three-Dimensional Vibrational

Imaging by Coherent Anti-Stokes Raman Scattering,” Phys. Rev. Lett. 82(20),

4142–4145 (1999).

[9] R. W. Boyd, Nonlinear Optics, 2nd edition (Elsevier, 2003).

[10] G. P. Agrawal, Nonlinear Fiber Optics, 4th ed. (Elsevier, 2008).

[11] S. Hell and E. H. K. Stelzer, “Fundamental improvement of resolution with

a 4Pi-confocal fluorescence microscope using two-photon excitation,” Optics

Communications 93(5-6), 277 – 282 (1992).

[12] A. Hopt and E. Neher, “Highly Nonlinear Photodamage in Two-Photon Fluo-

rescence Microscopy,” Biophysical Journal 80(4), 2029 – 2036 (2001).

[13] P. D. Maker and R. W. Terhune, “Study of Optical Effects Due to an Induced

Polarization Third Order in the Electric Field Strength,” Phys. Rev. 137(3A),

A801–A818 (1965).

[14] G. Eesley, “Coherent raman spectroscopy,” Journal of Quantitative Spec-

troscopy and Radiative Transfer 22(6), 507 – 576 (1979).

[15] A. Penzkofer, A. Laubereau, and W. Kaiser, “High intensity Raman interac-

tions,” Progress in Quantum Electronics 6(2), 55 – 140 (1979).

[16] H. Lotem, R. T. Lynch, and N. Bloembergen, “Interference between Raman

resonances in four-wave difference mixing,” Phys. Rev. A 14(5), 1748–1755

(1976).



BIBLIOGRAPHY 175

[17] J. A. Shirley, R. J. Hall, and A. C. Eckbreth, “Folded BOXCARS for rotational

Raman studies,” Opt. Lett. 5(9), 380–382 (1980).

[18] M. Muller, J. Squier, C. De Lange, and G. Brakenhoff, “CARS microscopy

with folded BoxCARS phasematching,” Journal of Microscopy 197(2), 150–

158 (2000).

[19] G. Bjorklund, “Effects of focusing on third-order nonlinear processes in isotropic

media,” Quantum Electronics, IEEE Journal of 11(6), 287 – 296 (1975).

[20] J.-X. Cheng, A. Volkmer, and X. S. Xie, “Theoretical and experimental charac-

terization of coherent anti-Stokes Raman scattering microscopy,” J. Opt. Soc.

Am. B 19(6), 1363–1375 (2002).

[21] J.-X. Cheng and X. S. Xie, “Green’s function formulation for third-harmonic

generation microscopy,” J. Opt. Soc. Am. B 19(7), 1604–1610 (2002).

[22] D. Pestov, X. Wang, G. O. Ariunbold, R. K. Murawski, V. A. Sautenkov,

A. Dogariu, A. V. Sokolov, and M. O. Scully, “Single-shot detection of bacte-

rial endospores via coherent Raman spectroscopy,” Proceedings of the National

Academy of Sciences 105(2), 422–427 (2008).

[23] J.-x. Cheng, A. Volkmer, L. Book, and X. Xie, “An Epi-Detected Coherent

Anti-Stokes Raman Scattering (E-CARS) Microscope with High Spectral Res-

olution and High Sensitivity,” Journal of Physical Chemistry B 105(7), 1277–

1280 (2001).

[24] A. Volkmer, J.-X. Cheng, and X. Sunney Xie, “Vibrational Imaging with



BIBLIOGRAPHY 176

High Sensitivity via Epidetected Coherent Anti-Stokes Raman Scattering Mi-

croscopy,” Phys. Rev. Lett. 87(2), 023,901 (2001).

[25] C. L. Evans, E. O. Potma, M. Puoris’haag, D. Cote, C. P. Lin, and X. S. Xie,

“Chemical imaging of tissue in vivo with video-rate coherent anti-Stokes Ra-

man scattering microscopy,” Proceedings of the National Academy of Sciences

102(46), 16,807–16,812 (2005).

[26] S. A. Akhmanov and N. I. Koroteev, “Spectroscopy of light scattering and

nonlinear optics. Nonlinear-optical methods of active spectroscopy of Raman

and Rayleigh scattering,” Soviet Physics Uspekhi 20(11), 899 (1977).

[27] J.-a. Oudar, R. W. Smith, and Y. R. Shen, “Polarization-sensitive coherent

anti-Stokes Raman spectroscopy,” Applied Physics Letters 34(11), 758 –760

(1979).

[28] J.-X. Cheng, L. D. Book, and X. S. Xie, “Polarization coherent anti-Stokes

Raman scattering microscopy,” Opt. Lett. 26(17), 1341–1343 (2001).

[29] F. Ganikhanov, C. L. Evans, B. G. Saar, and X. S. Xie, “High-sensitivity vibra-

tional imaging with frequency modulation coherent anti-Stokes Raman scatter-

ing (FM CARS) microscopy,” Opt. Lett. 31(12), 1872–1874 (2006).

[30] B.-C. Chen, J. Sung, and S.-H. Lim, “Chemical Imaging with Frequency Mod-

ulation Coherent Anti-Stokes Raman Scattering Microscopy at the Vibrational

Fingerprint Region,” The Journal of Physical Chemistry B 114(50), 16,871–

16,880 (2010).



BIBLIOGRAPHY 177

[31] G. Eesley, M. Levenson, andW. Tolles, “Optically heterodyned coherent Raman

spectroscopy,” Quantum Electronics, IEEE Journal of 14(1), 45 – 49 (1978).

[32] C. L. Evans, E. O. Potma, and X. S. Xie, “Coherent anti-Stokes Raman scatter-

ing spectral interferometry: determinationof the real and imaginary components

of nonlinear susceptibility χ(3) for vibrationalmicroscopy,” Opt. Lett. 29(24),

2923–2925 (2004).

[33] E. O. Potma, C. L. Evans, and X. S. Xie, “Heterodyne coherent anti-Stokes

Raman scattering (CARS) imaging,” Opt. Lett. 31(2), 241–243 (2006).

[34] E. R. Andresen, S. R. Keiding, and E. O. Potma, “Picosecond anti-Stokes

generation in a photonic-crystal fiber for interferometric CARS microscopy,”

Opt. Express 14(16), 7246–7251 (2006).

[35] T. W. Kee, H. Zhao, and M. T. Cicerone, “One-laser interferometric broadband

coherent anti-Stokes Raman scattering,” Opt. Express 14(8), 3631–3640 (2006).

[36] K. Orsel, E. T. Garbacik, M. Jurna, J. P. Korterik, C. Otto, J. L. Herek, and

H. L. Offerhaus, “Heterodyne interferometric polarization coherent anti-Stokes

Raman scattering (HIP-CARS) spectroscopy,” Journal of Raman Spectroscopy

41(12), 1678–1681 (2010).

[37] F. Lu, W. Zheng, C. Sheppard, and Z. Huang, “Interferometric polarization co-

herent anti-Stokes Raman scattering (IP-CARS) microscopy,” Opt. Lett. 33(6),

602–604 (2008).

[38] M. Jurna, J. P. Korterik, C. Otto, J. L. Herek, and H. L. Offerhaus, “Vibrational



BIBLIOGRAPHY 178

Phase Contrast Microscopy by Use of Coherent Anti-Stokes Raman Scattering,”

Phys. Rev. Lett. 103(4), 043,905 (2009).

[39] C. Vinegoni, J. Bredfeldt, D. Marks, and S. Boppart, “Nonlinear optical con-

trast enhancement for optical coherence tomography,” Opt. Express 12(2), 331–

341 (2004).

[40] D. L. Marks and S. A. Boppart, “Nonlinear Interferometric Vibrational Imag-

ing,” Phys. Rev. Lett. 92(12), 123,905 (2004).

[41] Y. Silberberg, “Quantum Coherent Control for Nonlinear Spectroscopy and Mi-

croscopy,” Annual Review of Physical Chemistry 60(1), 277–292 (2009). PMID:

18999997.

[42] A. M. Weiner, “Femtosecond pulse shaping using spatial light modulators,”

Review of Scientific Instruments 71(5), 1929–1960 (2000).

[43] N. Dudovich, D. Oron, and Y. Silberberg, “Single-pulse coherently controlled

nonlinear Raman spectroscopy and microscopy,” Nature 418, 512–514 (2002).

[44] N. Dudovich, D. Oron, and Y. Silberberg, “Single-pulse coherent anti-Stokes

Raman spectroscopy in the fingerprint spectral region,” The Journal of Chem-

ical Physics 118(20), 9208–9215 (2003).

[45] D. Oron, N. Dudovich, and Y. Silberberg, “Femtosecond Phase-and-

Polarization Control for Background-Free Coherent Anti-Stokes Raman Spec-

troscopy,” Phys. Rev. Lett. 90(21), 213,902 (2003).

[46] B. von Vacano and M. Motzkus, “Molecular discrimination of a mixture with



BIBLIOGRAPHY 179

single-beam Raman control,” The Journal of Chemical Physics 127(14), 144514

(pages 4) (2007).

[47] B. von Vacano and M. Motzkus, “Time-resolving molecular vibration for micro-

analytics: single laser beam nonlinear Raman spectroscopy in simulation and

experiment,” Phys. Chem. Chem. Phys. 10, 681–691 (2008).

[48] B. von Vacano, W. Wohlleben, and M. Motzkus, “Actively shaped supercontin-

uum from a photonic crystal fiber for nonlinear coherent microspectroscopy,”

Opt. Lett. 31(3), 413–415 (2006).

[49] B. von Vacano, T. Buckup, and M. Motzkus, “Highly sensitive single-beam

heterodyne coherent anti-Stokes Raman scattering,” Opt. Lett. 31(16), 2495–

2497 (2006).

[50] M. Muller and J. M. Schins, “Imaging the Thermodynamic State of Lipid Mem-

branes with Multiplex CARS Microscopy,” The Journal of Physical Chemistry

B 106, 3715–3723 (2002).

[51] J. xin Cheng, A. Volkmer, L. D. Book, and X. S. Xie, “Multiplex Coherent

Anti-Stokes Raman Scattering Microspectroscopy and Study of Lipid Vesicles,”

The Journal of Physical Chemistry B 106, 8493–8498 (2002).

[52] R. M. Onorato, N. Muraki, K. P. Knutsen, and R. J. Saykally, “Chirped co-

herent anti-Stokes Raman scattering as a high-spectral- and spatial-resolution

microscopy,” Opt. Lett. 32(19), 2858–2860 (2007).

[53] H. A. Rini, M. Bonn, M. Mller, and E. M. Vartiainen, “Quantitative CARS



BIBLIOGRAPHY 180

Spectroscopy Using the Maximum Entropy Method: The Main Lipid Phase

Transition,” ChemPhysChem 8(2), 279–287 (2007).

[54] Y. Liu, Y. J. Lee, and M. T. Cicerone, “Broadband CARS spectral phase

retrieval using a time-domain Kramers–Kronig transform,” Opt. Lett. 34(9),

1363–1365 (2009).

[55] D. Oron, N. Dudovich, D. Yelin, and Y. Silberberg, “Narrow-Band Coherent

Anti-Stokes Raman Signals from Broad-Band Pulses,” Phys. Rev. Lett. 88(6),

063,004 (2002).

[56] D. Oron, N. Dudovich, D. Yelin, and Y. Silberberg, “Quantum control of co-

herent anti-Stokes Raman processes,” Phys. Rev. A 65(4), 043,408 (2002).

[57] M. N. Slipchenko, T. T. Le, H. Chen, and J.-X. Cheng, “High-Speed Vibra-

tional Imaging and Spectral Analysis of Lipid Bodies by Compound Raman

Microscopy,” J. Phys. Chem. B 113(21), 7681 7686 (2009).

[58] M. Zimmerley, R. Younger, T. Valenton, D. C. Oertel, J. L. Ward, and E. O.

Potma, “Molecular Orientation in Dry and Hydrated Cellulose Fibers: A Coher-

ent Anti-Stokes Raman Scattering Microscopy Study,” The Journal of Physical

Chemistry B 114(31), 10,200–10,208 (2010).

[59] A. Volkmer, L. D. Book, and X. S. Xie, “Time-resolved coherent anti-Stokes

Raman scattering microscopy: Imaging based on Raman free induction decay,”

Applied Physics Letters 80(9), 1505–1507 (2002).

[60] D. L. Marks, C. Vinegoni, J. S. Bredfeldt, and S. A. Boppart, “Interfero-

metric differentiation between resonant coherent anti-Stokes Raman scattering



BIBLIOGRAPHY 181

and nonresonant four-wave-mixing processes,” Applied Physics Letters 85(23),

5787–5789 (2004).

[61] J. P. Ogilvie, E. Beaurepaire, A. Alexandrou, and M. Joffre, “Fourier-transform

coherent anti-Stokes Raman scattering microscopy,” Opt. Lett. 31(4), 480–482

(2006).

[62] E. Ploetz, S. Laimgruber, S. Berner, W. Zinth, and P. Gilch, “Femtosecond

stimulated Raman microscopy,” Applied Physics B: Lasers and Optics 87, 389–

393 (2007).

[63] C. W. Freudiger, W. Min, B. G. Saar, S. Lu, G. R. Holtom, C. He, J. C.

Tsai, J. X. Kang, and X. S. Xie, “Label-Free Biomedical Imaging with High

Sensitivity by Stimulated Raman Scattering Microscopy,” Science 322(5909),

1857–1861 (2008).

[64] P. Nandakumar, A. Kovalev, and A. Volkmer, “Vibrational imaging based

on stimulated Raman scattering microscopy,” New Journal of Physics 11(3),

033,026 (2009).

[65] Y. Ozeki, F. Dake, S. Kajiyama, K. Fukui, and K. Itoh, “Analysis and ex-

perimental assessment of the sensitivity of stimulated Raman scattering mi-

croscopy,” Opt. Express 17(5), 3651–3658 (2009).

[66] W. Min, C. W. Freudiger, S. Lu, and X. S. Xie, “Coherent Nonlinear Optical

Imaging: Beyond Fluorescence Microscopy,” Annual Review of Physical Chem-

istry 62(1), 507–530 (2011).



BIBLIOGRAPHY 182

[67] J.-X. Cheng, Y. K. Jia, G. Zheng, and X. S. Xie, “Laser-Scanning Coherent

Anti-Stokes Raman Scattering Microscopy and Applications to Cell Biology,”

Biophysical Journal 83(1), 502 – 509 (2002).

[68] R. K. Lyn, D. C. Kennedy, A. Stolow, A. Ridsdale, and J. P. Pezacki, “Dynamics

of lipid droplets induced by the hepatitis C virus core protein,” Biochemical and

Biophysical Research Communications 399(4), 518 – 524 (2010).

[69] X. Nan, A. M. Tonary, A. Stolow, X. S. Xie, and J. P. Pezacki, “Intra-

cellular Imaging of HCV RNA and Cellular Lipids by Using Simultaneous

Two-Photon Fluorescence and Coherent Anti-Stokes Raman Scattering Micro-

scopies,” ChemBioChem 7(12), 1895–1897 (2006).

[70] T. T. Le, I. M. Langohr, M. J. Locker, M. Sturek, and J.-X. Cheng, “Label-free

molecular imaging of atherosclerotic lesions using multimodal nonlinear optical

microscopy,” Journal of Biomedical Optics 12(5), 054007 (pages 10) (2007).

[71] D. Gachet, N. Sandeau, and H. Rigneault, “Influence of the Raman depolari-

sation ratio on far-field radiation patterns in coherent anti-Stokes Raman scat-

tering (CARS) microscopy,” Journal of the European Optical Society Rapid

Publications 1, 06,013 (2006).

[72] N. Djaker, D. Gachet, N. Sandeau, P.-F. Lenne, and H. Rigneault, “Refrac-

tive effects in coherent anti-Stokes Raman scattering microscopy,” Appl. Opt.

45(27), 7005–7011 (2006).

[73] C. K. Hayakawa, V. Venugopalan, V. V. Krishnamachari, and E. O. Potma,



BIBLIOGRAPHY 183

“Amplitude and Phase of Tightly Focused Laser Beams in Turbid Media,”

Phys. Rev. Lett. 103(4), 043,903 (2009).

[74] C. K. Hayakawa, E. O. Potma, and V. Venugopalan, “Electric field Monte Carlo

simulations of focal field distributions produced by tightly focused laser beams

in tissues,” Biomed. Opt. Express 2(2), 278–299 (2011).

[75] B. G. Saar, C. W. Freudiger, J. Reichman, C. M. Stanley, G. R. Holtom, and

X. S. Xie, “Video-Rate Molecular Imaging in Vivo with Stimulated Raman

Scattering,” Science 330(6009), 1368–1370 (2010).

[76] D. Gachet, F. Billard, N. Sandeau, and H. Rigneault, “Coherent anti-Stokes

Raman scattering (CARS) microscopy imaging atinterfaces: evidence of inter-

ference effects,” Opt. Express 15(16), 10,408–10,420 (2007).

[77] V. V. Krishnamachari and E. O. Potma, “Focus-engineered coherent anti-Stokes

Raman scattering microscopy: a numerical investigation,” J. Opt. Soc. Am. A

24(4), 1138–1147 (2007).

[78] V. V. Krishnamachari and E. O. Potma, “Imaging chemical interfaces perpen-

dicular to the optical axis with focus-engineered coherent anti-Stokes Raman

scattering microscopy,” Chemical Physics 341(1-3), 81 – 88 (2007). Ultrafast

Dynamics of Molecules in the Condensed Phase: Photon Echoes and Coupled

Excitations - A Tribute to Douwe A. Wiersma.

[79] V. Raghunathan and E. O. Potma, “Multiplicative and subtractive focal volume

engineering in coherent Raman microscopy,” J. Opt. Soc. Am. A 27(11), 2365–

2374 (2010).



BIBLIOGRAPHY 184

[80] M. R. Beversluis and S. J. Stranick, “Enhanced contrast coherent anti-Stokes

Raman scattering microscopy using annular phase masks,” Applied Physics

Letters 93(23), 231115 (pages 3) (2008).

[81] S. W. Hell and J. Wichmann, “Breaking the diffraction resolution limit by

stimulated emission: stimulated-emission-depletion fluorescence microscopy,”

Opt. Lett. 19(11), 780–782 (1994).

[82] D. Gachet, F. Billard, and H. Rigneault, “Focused field symmetries for

background-free coherent anti-Stokes Raman spectroscopy,” Phys. Rev. A

77(6), 061,802 (2008).

[83] D. Gachet, F. Billard, and H. Rigneault, “Background-free coherent anti-Stokes

Raman spectroscopy near transverse interfaces: a vectorial study,” J. Opt. Soc.

Am. B 25(10), 1655–1666 (2008).

[84] C. Heinrich, A. Hofer, A. Ritsch, C. Ciardi, S. Bernet, and M. Ritsch-Marte,

“Selective imaging of saturated andunsaturated lipids by wide-fieldCARS-

microscopy,” Opt. Express 16(4), 2699–2708 (2008).

[85] T. Minamikawa, M. Hashimoto, K. Fujita, S. Kawata, and T. Araki, “Multi-

focus excitation coherent anti-Stokes Raman scattering (CARS) microscopy and

its applications for real-time imaging,” Opt. Express 17(12), 9526–9536 (2009).

[86] A. Volkmer, “Vibrational imaging and microspectroscopies based on coher-

ent anti-Stokes Raman scattering microscopy,” Journal of Physics D: Applied

Physics 38(5), R59–R81 (2005).



BIBLIOGRAPHY 185

[87] C. L. Evans and X. S. Xie, “Coherent Anti-Stokes Raman Scattering Mi-

croscopy: Chemical Imaging for Biology and Medicine,” Annual Review of

Analytical Chemistry 1(1), 883–909 (2008).

[88] J.-X. Cheng and X. Xie, “Coherent Anti-Stokes Raman Scattering Microscopy:

Instrumentation, Theory, and Applications,” Journal of Physical Chemistry B

108(3), 827–840 (2004).

[89] J.-X. Cheng, “Coherent Anti-Stokes Raman Scattering Microscopy,” Appl.

Spectrosc. 61(9), 197A–208A (2007).

[90] T. T. Le, S. Yue, and J.-X. Cheng, “Shedding new light on lipid biology with

coherent anti-Stokes Raman scattering microscopy,” Journal of Lipid Research

51(11), 3091–3102 (2010).

[91] J. P. Pezacki, J. A. Blake, D. C. Danielson, D. C. Kennedy, R. K. Lyn, and

R. Singaravelu, “Chemical contrast for imaging living systems: molecular vibra-

tions drive CARS microscopy,” Nature Chemical Biology 7, 137– 145 (2011).

[92] M. Hashimoto, T. Araki, and S. Kawata, “Molecular vibration imaging in the

fingerprint region by use of coherent anti-Stokes Raman scattering microscopy

with a collinear configuration,” Opt. Lett. 25(24), 1768–1770 (2000).

[93] O. Katz, J. M. Levitt, E. Grinvald, and Y. Silberberg, “Single-beam coherent

Raman spectroscopy and microscopy via spectral notch shaping,” Opt. Express

18(22), 22,693–22,701 (2010).

[94] T. Hellerer, A. M. Enejder, and A. Zumbusch, “Spectral focusing: High spectral



BIBLIOGRAPHY 186

resolution spectroscopy with broad-bandwidth laser pulses,” Applied Physics

Letters 85(1), 25–27 (2004).

[95] D. J. Jones, E. O. Potma, J.-X. Cheng, B. Burfeindt, Y. Pang, J. Ye, and X. S.

Xie, “Synchronization of two passively mode-locked, picosecond lasers within 20

fs for coherent anti-Stokes Raman scattering microscopy,” Review of Scientific

Instruments 73(8), 2843–2848 (2002).

[96] F. Ganikhanov, S. Carrasco, X. S. Xie, M. Katz, W. Seitz, and D. Kopf,

“Broadly tunable dual-wavelength light source for coherent anti-Stokes Raman

scattering microscopy,” Opt. Lett. 31(9), 1292–1294 (2006).

[97] H. Lotem, R. T. Lynch, and N. Bloembergen, “Interference between Raman

resonances in four-wave difference mixing,” Phys. Rev. A 14(5), 1748–1755

(1976).

[98] E. T. J. Nibbering, D. A. Wiersma, and K. Duppen, “Ultrafast nonlinear spec-

troscopy with chirped optical pulses,” Phys. Rev. Lett. 68(4), 514–517 (1992).

[99] K. Duppen, F. de Haan, E. T. J. Nibbering, and D. A. Wiersma, “Chirped

four-wave mixing,” Phys. Rev. A 47(6), 5120–5137 (1993).

[100] A. M. Zheltikov and A. N. Naumov, “High-resolution four-photon spectroscopy

with chirped pulses,” Quantum Electronics 30(7), 606–610 (2000).

[101] I. Rocha-Mendoza, W. Langbein, and P. Borri, “Coherent anti-Stokes Ra-

man microspectroscopy using spectral focusing with glass dispersion,” Applied

Physics Letters 93(20), 201103 (pages 3) (2008).



BIBLIOGRAPHY 187

[102] J.-C. Diels andW. Rudolph, Ultrashort Laser Pulse Phenomena, Second Edition

(Academic Press, Elsevier, 2006).

[103] K. M. Hilligsøe, T. Andersen, H. Paulsen, C. Nielsen, K. Mølmer, S. Keid-

ing, R. Kristiansen, K. Hansen, and J. Larsen, “Supercontinuum generation in

a photonic crystal fiber with two zero dispersion wavelengths,” Opt. Express

12(6), 1045–1054 (2004).

[104] H. N. Paulsen, K. M. Hilligsøe, J. Thøgersen, S. R. Keiding, and J. J. Larsen,

“Coherent anti-Stokes Raman scattering microscopy with a photonic crystal

fiber based light source,” Opt. Lett. 28(13), 1123–1125 (2003).

[105] E. R. Andresen, V. Birkedal, J. Thøgersen, and S. R. Keiding, “Tunable light

source for coherent anti-Stokes Raman scattering microspectroscopy based on

the soliton self-frequency shift,” Opt. Lett. 31(9), 1328–1330 (2006).

[106] E. R. Andresen, H. N. Paulsen, V. Birkedal, J. Thøgersen, and S. R. Keiding,

“Broadband multiplex coherent anti-Stokes Raman scattering microscopy em-

ploying photonic-crystal fibers,” J. Opt. Soc. Am. B 22(9), 1934–1938 (2005).

[107] H. Kano and H. o Hamaguchi, “Vibrationally resonant imaging of a single living

cell by supercontinuum-based multiplex coherent anti-Stokes Raman scattering

microspectroscopy,” Opt. Express 13(4), 1322–1327 (2005).

[108] T. W. Kee and M. T. Cicerone, “Simple approach to one-laser, broadband

coherent anti-Stokes Raman scattering microscopy,” Opt. Lett. 29(23), 2701–

2703 (2004).



BIBLIOGRAPHY 188

[109] A. F. Pegoraro, A. Ridsdale, D. J. Moffatt, Y. Jia, J. P. Pezacki, and A. Stolow,

“Optimally chirped multimodal CARS microscopy based on a single Ti:sapphire

oscillator,” Opt. Express 17(4), 2984–2996 (2009).

[110] M. Shiomi, T. Ito, S. Yamada, S. Kawashima, and J. Fan, “Development of

an Animal Model for Spontaneous Myocardial Infarction (WHHLMI Rabbit),”

Arterioscler Thromb Vasc Biol 23(7), 1239–1244 (2003).

[111] H. C. Stary, A. B. Chandler, R. E. Dinsmore, V. Fuster, S. Glagov, J. Insull,

William, M. E. Rosenfeld, C. J. Schwartz, W. D. Wagner, and R. W. Wissler,

“A Definition of Advanced Types of Atherosclerotic Lesions and a Histological

Classification of Atherosclerosis : A Report From the Committee on Vascu-

lar Lesions of the Council on Arteriosclerosis, American Heart Association,”

Arterioscler Thromb Vasc Biol 15(9), 1512–1531 (1995).

[112] Y. Wang, C.-Y. Lin, A. Nikolaenko, V. Raghunathan, and E. O. Potma, “Four-

wave mixing microscopy of nanostructures,” Adv. Opt. Photon. 3(1), 1–52

(2011).

[113] S. B. and W. Meir, eds., Raman/Infrared Altas of Organic Compounds (Verlag

Chemie, Weinheim, 1978).

[114] A. M.-A. Martin Schwartz and W. H. Koehler, “Fermi resonance in aqueous

methanol,” Journal of Molecular Structure 63(2) (1980).

[115] K. L. Corwin, N. R. Newbury, J. M. Dudley, S. Coen, S. A. Diddams, K. We-

ber, and R. S. Windeler, “Fundamental Noise Limitations to Supercontinuum

Generation in Microstructure Fiber,” Phys. Rev. Lett. 90(11), 113,904 (2003).



BIBLIOGRAPHY 189

[116] K. L. Corwin, N. R. Newbury, J. M. Dudley, S. Coen, S. A. Diddams, B. R.

Washburn, K. Weber, and R. S. Windeller, “Fundamental amplitude noise lim-

itations to supercontinuum spectra generated in a microstructured fiber,” App.

Phys. B 77(2–3), 269–277 (2003).

[117] J. M. Dudley, G. Genty, and S. Coen, “Supercontinuum generation in photonic

crystal fiber,” Rev. Mod. Phys. 78(4), 1135–1184 (2006).

[118] Y. Zeng, B. Saar, M. Friedrich, F. Chen, Y.-S. Liu, R. Dixon, M. Himmel,

X. Xie, and S.-Y. Ding, “Imaging Lignin-Downregulated Alfalfa Using Coherent

Anti-Stokes Raman Scattering Microscopy,” BioEnergy Research 3, 272–277(6)

(September 2010).

[119] S. H. Parekh, K. Chatterjee, S. Lin-Gibson, N. M. Moore, M. T. Cicerone, M. F.

Young, and C. G. S. Jr., “Modulus-driven differentiation of marrow stromal

cells in 3D scaffolds that is independent of myosin-based cytoskeletal tension,”

Biomaterials 32(9), 2256 – 2264 (2011).

[120] N. Gierlinger and M. Schwanninger, “Chemical Imaging of Poplar Wood Cell

Walls by Confocal Raman Microscopy,” Plant Physiology 140(4), 1246–1254

(2006).

[121] N. P. Ivleva, R. Niessner, and U. Panne, “Characterization and discrimination

of pollen by Raman microscopy,” Analytical and Bioanalytical Chemistry 381,

261–267 (2005). 10.1007/s00216-004-2942-1.

[122] M. A. Walters, Y. C. Leung, N. C. Blumenthal, K. A. Konsker, and R. Z.



BIBLIOGRAPHY 190

LeGeros, “A Raman and infrared spectroscopic investigation of biological hy-

droxyapatite,” Journal of Inorganic Biochemistry 39(3), 193 – 200 (1990).

[123] L. C. Palmer, C. J. Newcomb, S. R. Kaltz, E. D. Spoerke, and S. I. Stupp,

“Biomimetic Systems for Hydroxyapatite Mineralization Inspired By Bone and

Enamel,” Chemical Reviews 108(11), 4754–4783 (2008). PMID: 19006400.

[124] W. Becker, A. Bergmann, M. Hink, K. Knig, K. Benndorf, and C. Biskup,

“Fluorescence lifetime imaging by time-correlated single-photon counting,” Mi-

croscopy Research and Technique 63(1), 58–66 (2004).

[125] K. Suhling, P. M. W. French, and D. Phillips, “Time-resolved fluorescence mi-

croscopy,” Photochem. Photobiol. Sci. 4, 13–22 (2005).

[126] E. B. van Munster and T. W. J. Gadella, “Fluorescence Lifetime Imaging

Microscopy (FLIM),” in Microscopy Techniques, J. Rietdorf, ed., vol. 95 of

Advances in Biochemical Engineering/Biotechnology, pp. 1301–1303 (Springer

Berlin / Heidelberg, 2005). 10.1007/b102213.

[127] J. W. Borst and A. J. W. G. Visser, “Fluorescence lifetime imaging microscopy

in life sciences,” Measurement Science and Technology 21(10), 102,002 (2010).

[128] P. R. Selvin, “The renaissance of fluorescence resonance energy transfer,” Na-

ture Structural Molecular Biololgy 7, 730–734 (2000).

[129] S. Ly, G. McNerney, S. Fore, J. Chan, and T. Huser, “Time-gated single photon

counting enablesseparation of CARS microscopy data frommultiphoton-excited

tissue autofluorescence,” Opt. Express 15(25), 16,839–16,851 (2007).



BIBLIOGRAPHY 191

[130] I. W. Schie, T. Weeks, G. P. McNerney, S. Fore, J. K. Sampson, S. Wachsmann-

Hogiu, J. C. Rutledge, and T. Huser, “Simultaneous forward and epi-CARS

microscopy with a single detector by timecorrelated single photon counting,”

Opt. Express 16(3), 2168–2175 (2008).

[131] D. K. Bird, K. W. Eliceiri, C.-H. Fan, and J. G. White, “Simultaneous Two-

Photon Spectral and Lifetime Fluorescence Microscopy,” Appl. Opt. 43(27),

5173–5182 (2004).

[132] A. Liebert, H. Wabnitz, D. Grosenick, and R. Macdonald, “Fiber dispersion

in time domain measurements compromising the accuracy of determination of

optical properties of strongly scattering media,” Journal of Biomedical Optics

8(3), 512–516 (2003).

[133] W. Becker, A. Bergmann, and C. Biskup, “Multispectral fluorescence life-

time imaging by TCSPC,” Microscopy Research and Technique 70(5), 403–409

(2007).

[134] A. E. Siegman, Lasers (University Science Books, 1986).

[135] B. E. A. Saleh and M. C. Teich, Fundamentals of Photonics (John Wiley and

Sons, 1991).

[136] J. R. Lakowicz, I. Gryczynski, H. Malak, M. Schrader, P. Engelhardt, H. Kano,

and S. W. Hell, “Time-Resolved Fluorescence Spectroscopy and Imaging of

DNA Labeled with DAPI and Hoechst 33342 Using Three-Photon Excitation,”

Biophysical Journal 72, 567–578 (1997).



BIBLIOGRAPHY 192

[137] E. Gratton, S. Breusegem, J. Sutin, Q. Ruan, and N. Barry, “Fluorescence

lifetime imaging for the two-photon microscope: time-domain and frequency-

domain methods,” Journal of Biomedical Optics 8(3), 381–390 (2003).

[138] V. Yakovlev and G. I. Petrov, “Enhancing red-shifted white-light continuum

generation in optical fibers for applications in nonlinear Raman microscopy,”

Opt. Express 13(4), 1299–1306 (2005).
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Appendix A

High Energy Oscillator Additional

Information

The high energy oscillator design presented many challenges (see chapter 7 for a

discussion of some of those difficulties). This appendix will cover two topics. First,

the design and construction of the new crystal mount. The second part is a guide to

the alignment of the high energy oscillator with the new crystal mount. Hopefully

both of these additions prove useful to others.

A.1 Crystal Mount Design

As highlighted in chapter 7, a new crystal mount was designed in an attempt to

address problems with the thermal lens in the Ti:Sa crystal. Here we will go through

the components of the mount in detail. All models were designed using Solidworks.

Given the lessons learned about thermal contact resistance between surfaces, a

new crystal holder was designed based on the holder originally in the laser. The gap

206
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in the holder is where the crystal is mounted. A screw through the holder is used to

close the gap around the crystal. The gap size must match the thickness of the crystal

nearly exactly with the only tolerance being provided by the compression of indium

foil. The crystal thickness was measured to be 0.87 mm and it was planned to use 100

µm thick indium foil between the crystal and the holder, requiring a gap of 1.07 mm.

The inner surfaces of the gap were polished to the best ability of the machine shop

to ensure smooth surfaces and good thermal contact. The back surface (the contact

surface with the crystal mount) was also polished (lapping). The thickness of the

holder was chosen to prevent torque and misalignment when the holder was attached

to the mount. The upper limit on the thickness was due to the possible contact with

the vacuum chamber lid. A model of the holder is shown in Fig A.1.

Figure A.1: Model of the crystal holder.

The crystal mount was designed so that when the Ti:Sa crystal was mounted

it would be at Brewster’s angle to the incident laser. The crystal is mounted on

a finger to limit interference in the beam path. The mounting surface is polished

to reduce thermal contact resistance. A recess is drilled into the mount to allow

connection of the resistive thermal device (Omega RTD-2-F3105-36-T-B) to measure

the temperature of the crystal mount. This is the temperature the Peltier uses for
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feedback. To mount the resistive thermal device, high thermal conductivity vacuum

compatible epoxy is used (Epotek EK1000). The bottom portion of the mount is

designed to accommodate the Peltier element (Melcor UT15) chosen. The bottom

surface is also polished. Four mounting brackets are used so that even pressure

between the mount and the Peltier. The model of the mount may be seen in Fig. A.2.

Figure A.2: Model of the crystal mount.

The water cooling block is made of two pieces. The Peltier is soldered to top

surface of the first piece (this surface is again polished). A fluid channel is cut into

the block and designed to reduce turbulent flow which could lead to vibration. The

openings into the channel are designed to accept a quarter-inch outer diameter copper

tube. The tubes are subsequently welded into block. A recess is cut into the block

to allow the temperature of this block to be monitored (using a thermistor, Omega

Thermistor 44006). Four of the holes in the block are threaded and match those in

the the crystal mount. These allow the mount and the water block to be connected.

The other three holes are through holes that allow this block to be mounted to the
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vacuum chamber. Fig. A.3 show a model of this piece of the water cooling block.

Figure A.3: Model of part one of the water cooling block.

The second piece of the water cooling block is relatively simple. It is soldered onto

the first piece to seal the fluid channels. There are three through holes which match

those on the other piece of the cooling block. The through holes have a counterbore to

allow for a ceramic spacer to be placed between the mount and the vacuum chamber.

The counterbores are used to index the mount to the vacuum chamber and reduce

variability in the placement of the crystal if the mount must be removed. The model

of the second piece of the water cooling block is shown in Fig. A.4

The vacuum chamber is machined from a single piece of aluminum to reduce weight

so that it can be mounted and translated in the cavity. There are three tapped holes

with counterbores to allow for the ceramic spacers to be inserted. To allow space

for cooling lines underneath the crystal mount, the holes are raised. Four vacuum

flanges are machined directly into the chamber, two KF 40 fittings and two KF 25

fittings. These fittings are used to mount water and electrical feedthroughs as well
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Figure A.4: Model of part two of the water cooling block.

the connections to the vacuum pump and nitrogen purge lines. The underside of the

chamber has many mounting holes to allow it to be connected to a translation stage

for alignment. The model of the vacuum chamber is shown in Fig. A.5.

Figure A.5: Model of the vacuum chamber.

The lid of the vacuum chamber has an o-ring groove machined into the underside
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(not visible in Fig. A.6). The top of the lid has o-ring grooves and indexed spaces

to allow for the mounting of windows. The lid mounting face is angled such that the

windows will be at Brewster’s angle. The windows are held in place using plastic

clamps (screw holes visible).

Figure A.6: Model of the vacuum chamber lid.

Below are pictures of the assembled prototype crystal mount and the vacuum

chamber. The prototype mount is gold plated to passivate the copper (see Fig. A.7-

A.10).

A.2 Alignment Guide

This will be a brief guide to aligning the high energy oscillator. Alignment should be

done at the lowest practical powers and all appropriate safety precautions should be

taken. This guide is written assuming at least a basic familiarity with laser design

and construction. It is recommended that chapter 7 be consulted prior to attempting
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Figure A.7: Picture of the prototype crystal mount. The mount has been gold plated
to passivate the copper. The Peltier element is in place. Connectors are for fluid flow
and were replaced in the later design with welded pipes.

Figure A.8: Picture of the vacuum chamber. Pipes are for cooling liquid. Spacer
is a ceramic spacer used for thermal insulation and indexing. KF bulk mounts are
attached.
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Figure A.9: Picture of the prototype mount inside the vacuum chamber.

Figure A.10: Picture taken along the optical beam path through the mount. The
crystal holder is not in place. O-rings are for chamber windows.

alignment. Terminology used here is colloquial in the lab.

1. Align the pump beam so that it is parallel to the table and at the cavity beam

height. It is recommended that the beam be aligned along a hole row, but this is not

absolutely necessary.

2. Place the crystal chamber on the table but without the vacuum chamber lid

on. The Ti:Sa crystal should not be mounted either. Adjust the height so that

the opening in the crystal mount is at the appropriate height. The two-dimensional
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translation stage should be placed such that the mount can be moved parallel and

perpendicular to the optical path defined by the pump.

3. Put the pump lens on the table. To align the lens, first check the alignment

through the crystal mount and then put the lens in place. The alignment should not

have changed. If it has, correct the tilt and/or position of the lens. Check that the

translation stage the lens is mounted on is parallel to the optical path.

4. Put the curved mirrors roughly in place (centered along the green) with a slight

angle (∼ 7◦). This will slightly displace the focus of the pump beam, translate the

crystal mount to compensate.

5. Put the lid on the chamber and measure the translation necessary to maximize

transmission through the mount. Remove the lid and return the stage to its original

position.

6. Put the crystal on the mount. Using a HeNe (or a weak pump beam), attempt

to reflect a beam from the crystal faces to check if they are parallel and if the crystal

is properly oriented to the table and the optical beam path. This step is optional.

7. Send the pump through the crystal. Check for green scatter. If there is

any, tweak the alignment of the pump slightly to minimize it. Measure the residual

green through the crystal (ensure this is done at 3W or greater power). Adjust

the distance between the crystal and lens to maximize the green transmission (this

indicates saturation and that the green is centered in the crystal). Ensure that the

“channel” (the brightest part of the fluorescence) is centered in the crystal (use goggles

that block 532 nm to do this).

8. Go to low pump powers and put the lid on the chamber. Move it the same

amount as was necessary in step 4. Repeat the procedure in step 6 to find the new
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position of the lens.

9. Move the curved mirror, crystal (and lens by the same amount) to get the

fluorescence roughly collimated after the curved mirrors. Use one flat mirror to send

the fluorescence from one curved mirror to the output coupler. Use a second flat

mirror to send the fluorescence from the other curved mirror towards the Herriott

cell.

10. Place a high reflector in a flip mount in the arm that will contain the Herriott

cell. This mirror will act as the end mirror for a “short cavity” CW laser. Align

for lasing using the following procedure. Send the fluorescence reflected from the

output coupler (and high reflector) back into the crystal. This should result in a

red spot visible in the center of the fluorescence on the other side of the cavity. Try

and use the appropriate mirror to center this spot in the fluorescence mode. Look

at the fluorescence after the output coupler (where the laser output will eventually

be). If the cavity is close to aligned, there will be two red spots, one from the high

reflector and the other from the output coupler itself. Align the output coupler to

overlap these two spots. If lasing has not started, try to walk the high reflector and/or

output coupler to start lasing. If lasing will not start, change the distance between the

curved mirrors and the crystal slightly and try again. Repeat until lasing is achieved.

11. Walk the end mirror and output coupler for maximum output power. Walk

the distance between the curved mirror, crystal and lens to maximize power. Change

the distance of the end mirror from the crystal and repeat this procedure. Then do

the same for the output coupler. Repeat this step to maximize power.

12. Check that the output mode is single mode and not astigmatic. If it is

astigmatic, use the angle of the curved mirrors to fix it.
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13. Maximize power once again. The short cavity is now aligned for CW lasing.

This is a reference cavity. Characterize the thermal lens and ensure cooling is working

well. Check that the cavity remains single mode at high pump power. This cavity

can be used to test remounting the crystal to try and improve thermal contact.

14. Align the Herriott cell. A pick-off mirror is placed at the “6 o’clock” position

just in front of the flat large mirror. Use this mirror to send the fluorescence to the

5:30 position on the large curved mirror (note that positions are measured looking at

the reflective face of the mirror). Use the large curved mirror to send the fluorescence

to the 7:00 position on the flat mirror. Use the flat mirror to send the fluorescence to

the 4:30 position on the curved mirror. Iterate this procedure until all twelve spots

are visible in a circle on both mirrors (on the flat mirror, the spots are on the hour,

on the curved mirror on the half hour). Once this achieved, walk the input (using the

pick-off) and the curved mirrors to get the spots to the outermost extent possible on

the curved mirrors.

15. Use a second pick-off is used to take out the last spot that should hit the curved

mirror. Send this to another flat mirror. Use this mirror to send the fluorescence off

the curved mirror for the last time. The beam path has to go behind the pick off

mirror, so ensure there is sufficient space when placing the pick off. Try to minimize

the angle and distance of the pick off arm as much as possible.

16. Use a flat high reflector to achieve CW lasing. A similar mode to the short

cavity should be achieved (this is best tested at low power where thermal effects are

less of a concern). If it isn’t move the distance of the flat mirror from the end of the

Herriott cell but do not adjust the distance between crystal, pump lens and curved

mirrors. If the proper mode cannot be achieved, change the distance between the
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mirrors of the Herriott cell and try again. Once the mode and output power are

satisfactory, the Herriott cell is aligned.

17. Place the prisms in the fluorescence beam path. Adjust them to achieve

Brewster. Realign the CW cavity. If the power has dropped from what was measured

in previous step, the prisms are either dirty or at the wrong angle. Clean or realign

the prisms until there they can be inserted with no significant loss of output power

compared to step 16. One of the prisms is on a translation stage. Adjust the stage

and check if the output power varies. If it does, the axis of the stage and the prism

are not aligned. Realign the stage and the prism.

18. Place the curved mirror (focussing onto the SESAM) where the end mirror is

(where the long cavity CW was maximized). Focus onto a flat mirror and maximize

CW once again.

19. Replace the flat end mirror with the SESAM. Achieve CW lasing. By deliv-

ering an impulse to the cavity (rap table, shake prism, etc.) It should be possible to

achieve mode locking.

20. Change the prism position using the translation stage to adjust the amount

of glass in the beam path while looking at the output spectrum. If the laser is

running in “negative disperison” mode, the pulse spectrum will likely approximate

a Gaussian. As the amount of glass is increased, the spectrum should broaden.

Continue to broaden the spectrum until the cavity enters “positive dispersion” mode.

This is characterized by a spectrum with sharp edges that is close to a square top

(see chapter 7, Fig. 7.5). If more glass is added at this point, the spectrum should

narrow.

21. Change the position of the SESAM to try and maximize power.
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22. Adjust the distances between the crystal, pump lens and crystal to maximize

power. To achieve a good output mode, it may be necessary to adjust the angle of

the curved mirrors.

23. Cavity is now aligned and it should be possible to achieve the results from

chapter 7, namely 3.46W out at a 5.23MHz repetition rate with 11 nm bandwidth.


