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ABSTRACT

Optical Fiber Based Ultrashort Pulse Multispectral
Nonlinear Optical Microscopy. (December 2008)
Adam M. Larson, B.S., University of Rochester
Chair of Advisory Committee: Dr. Alvin T. Yeh

Nonlinear optical microscopy (NLOM) utilizing femtosecond laser pulses is well
suited for imaging living tissues. This work reports on the design and development of an
optical fiber based multispectral NLOM developed around a laser generating broadband
sub-10-fs pulses. An all-mirror dispersion-compensation setup is used to correct for
quadratic and cubic phase distortions induced within the NLOM. Mouse tail tendon was
used to characterize sub-10-fs pulses by interferometric autocorrelation. This is an
effective method for characterizing dispersion from the optical system, immersion
medium, and wet biological sample. The generation of very short autocorrelations
demonstrates the ability to compensate for phase distortions within the imaging system
and efficient second-harmonic upconversion of the ultrashort pulse spectrum within
collagen. Reconstruction of ultrashort pulses at the focal plane of the objective allows
the excitation of multiple fluorescent probes simultaneously. Multiple fluorescent probe
excitation and spectral discrimination is demonstrated using mixtures of fluorescent dye
solutions and an in-vitro angiogenesis model containing human umbilical vein
endothelial cells (HUVEC’s) expressing multiple fluorescent proteins. Sub-10-fs pulses
can be propagated through polarization-maintaining single mode fiber (PMF) for use in
NLOM. We demonstrate delivery of near transform-limited, 1 nJ pulses from a Ti:ALLO;
oscillator via PMF to the NLOM focal plane while maintaining 120 nm of bandwidth.
Negative group delay dispersion (GDD) introduced to pre-compensate normal dispersion
of the optical fiber and microscope optics ensured linear pulse propagation through the

PMF. Nonlinear excitation of multiple fluorophores simultaneously and polarization
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sensitive  NLOM imaging using second harmonic generation in collagen was
demonstrated using PMF delivered pulses. Two-photon excited fluorescence spectra and
second harmonic images taken with and without the fiber indicates that the fiber based

system is capable of generating optical signals that are within a factor of two to three of

our traditional NLOM.
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CHAPTER |
INTRODUCTION

Nonlinear optical microscopy (NLOM) utilizing femtosecond laser pulses has
become a proven tool for intravital imaging of living tissues[1] since its first
demonstration[2] nearly two decades ago. High peak intensities associated with
femtosecond laser pulses focused through high numerical aperture (NA) objective lenses
make nonlinear optical signals accessible from exogenous markers or endogenous
biological constituents (e.g., two-photon excited fluorescence[3], TPEF, or second
harmonic generation[4], SHG) with small nonlinear susceptibilities allowing for imaging
and spectroscopy while minimizing sample damage via low average input powers. The
nonlinear dependence of these optical signals on laser intensity facilitates optical
sectioning, rendering thin images from within thick specimen, alleviating the need for
destructive sample processing (i.e., fixing, sectioning, staining). These attributes are
conducive for serial measurements that can follow the progression of biological
processes in a single, living, experimental, thick tissue sample.

The high intensity laser pulses used in NLOM induce a polarization, P, that can be
described as a Taylor expansion of the n™ order susceptibility of the sample, ¥™, and the
electric field, E,

P=yVE +y 3 EE + xGE EE +.. (1.1)
Linear imaging techniques described by one-photon absorption (i.e. confocal
fluorescence microscopy) and light scattering (i.e. confocal reflectance microscopy) are
described by x'". The remaining higher order terms fall under the realm of nonlinear
microscopy. Traditionally, NLOM relies on second harmonic generation (SHG, a '
process) and two-photon excited fluorescence (TPEF, a y process). Two-photon

excitation is the simultaneous absorption of two photons whose summed energy satisfies

This dissertation follows the style and format of Optics Express.



a molecular two-photon transition. Second harmonic generation is the instantaneous
annihilation of two photons and the creation of a single photon at half the wavelength.
These processes will be investigated in further detail in chapter II. Other processes
interrogated by NLOM include three-photon excitation, third harmonic generation, and
Coherent Anti-Stokes Raman spectroscopy.

The optical signals generated in NLOM arise from the nonlinear interaction of NIR
ultrashort (usually femtosecond pulses from a Ti:Al,O; laser) pulses with the tissue of
interest. Nonlinear interactions are characterized by the /" (n indicating the order of the
nonlinear process) dependence of signal on incident laser intensity (/,). This nonlinear
dependence on incident laser intensity confines signal generation to the region of highest
photon density, the focal volume of the focusing objective lens. Elimination of
fluorescence generated outside the focal plane reduces overall photodamage and
oxidization.

The nonlinear processes governing signal generation in NLOM are maximized when
pulse shape and duration at the sample are reconstructed. For a given average power,
NLOM signals can be enhanced by increasing the peak power of the pulse. This is done
by decreasing the repetition rate of the laser or by reducing the temporal duration of the
pulse at the sample. The increase in peak power allows for increased depth penetration
in highly scattering tissue samples[5-8]. Femtosecond optical pulses necessary to
efficiently produce these signals are susceptible to phase distortions, i.e. dispersion, as
pulses propagate through the optics of the imaging system[9], particularly as the
temporal pulse duration decreases. Reduction in the temporal duration of laser pulses
necessarily increases the spectral bandwidth associated with the pulse. Methods of pulse
characterization will be discussed in chapter III.

The primary complication to in-vivo nonlinear multispectral imaging is the reliance
on narrowband femtosecond laser pulses. Optimal fluorescence excitation efficiency
necessitates the tuning of the laser to an absorption maximum for the individual contrast
agents and rescanning of the tissue. The increased spectral bandwidth of temporally

shorter pulses allows for the simultaneous excitation of multiple fluorophores without



the need for tuning. Broadband, sub-10-fs pulses, from our laser have a spectral
bandwidth of ~125 nm FWHM. Two-photon excitation efficiency is determined by the
overlap of the laser two-photon excitation power spectrum and the two-photon action
cross section of the fluorescent probe of interest[1]. Sub-10-fs pulses, therefore, require
careful control of the pulse duration at the sample which allows for all spectral
components to contribue to fluorophore excitation. Furthermore, simultaneous
excitation of multiple contrast agents greatly reduces the photo and thermal damage
associated with rescanning the sample.

Optical molecular imaging is an emerging field comprising several complimentary
techniques to provide information at the molecular, cellular, tissue, and whole-organism
levels[10]. These techniques can be paired with emerging genomic and proteomic
technologies[ 1, 11] enabling the development of fluorescent (protein) optical probes[12]
and nanotechnologies allowing multifunctional imaging in real time with minimal or no
invasion[13, 14]. Fluorescent proteins are increasingly being used to observe
developmental events as they can be widely expressed in the cytoplasm or inserted into
genes for specific cytogenetic profiling. Additional morphological and spectroscopic
information can be obtained from the intrinsic contrast mechanisms available to NLOM.
SHG requires highly ordered tissue structures, making it a constituent specific intrinsic
contrast mechanism localized to collagen[15-17], cardiac myocites[18] and muscle
sarcomeres[19]. Two-photon excited autofluorescence of NAD(P)H[20-26],
flavoproteins[27], and mature elastin[28] provides morphological, spectroscopic and
metabolic information surrounding cellular processes.

The minimally invasive nature of nonlinear microscopic imaging can provide
concomitant morphological and chemo-physiological information within these tissues
while following developmental progression or response to pathologic or mechanically
induced stressors. Additionally, the wide range of detectable contrast mechanisms
available to NLOM make it well suited to optical molecular imaging from the nano to
macro scale. Therefore, efficient interpretation of these contrast mechanisms requires

multispectral imaging capabilities. Multispectral imaging allows for the collection of an



entire spectrum for each individual pixel in an image. The presence and location of
multiple constituent specific intrinsic and extrinsic contrast mechanisms can be observed
simultaneously. For example, a collagen gel is seeded with cells expressing a particular
fluorescent protein in its cytoplasm and two other fluorescent proteins transfected into
adhesion molecules.  Multispectral imaging allows morphological information
comprising of the cytoplasmic fluorescent protein, extracellular matrix constituents, and
the location of the adhesion molecules.

Further characterization of tissues in their native environment requires
miniaturization of bench top microscopy systems into portable, optical fiber based
imaging systems[29, 30]. The current state of technology surrounding NLOM limits the
extent to which in-vivo experiments can be carried out. The specimen of interest must fit
on the stage of an upright or inverted light microscope complicating the imaging of
large, intact specimens. To this extent, the flexibility of NLOM systems is hindered by
the need to orient the specimen to a fixed optical axis. Thus a flexible beam path
allowed by fiber coupling the laser to the microscope will allow for the orientation of the
imaging system to a region or specimen of interest. Optical fiber pulse delivery
systems[31-34] provide a simple and efficient platform on which to develop
miniaturized microscopes[35-37] and microendoscopes[29, 38-40] for tissue
interrogation without excision.  Fiber coupled imaging systems allow for the
straightforward visualization of cells and extracellular matrix located within hollow
tissue tracts and solid organs.

The benefits of optical fiber delivery of light from a remotely located source for
cellular level imaging have been realized using confocal microscopy. Confocal
microscopy is conducive to in-vivo imaging of superficial layers of skin[41, 42], eye[43],
heart[44], gastrointestinal tract[45, 46], oral cavity[47, 48], nervous tissue[49] and the
cervix[50]. The primary drawback to this technique is the use of excitation light in the
blue region of the visible spectrum limiting overall imaging depth due to light scattering.
Blue excitation light is necessitated by the use of autofluorescence or green emitting

fluorescent probes (i.e. fluorescein) for signal generation and image formation.



Confocal reflectance techniques allow for the use of near infrared (NIR) light since the
signal collected to render an image is derived from incident light being reflected back
from the tissue. The second major drawback to confocal imaging techniques is the need
for a confocal pinhole to reject out of focus light facilitating optical sectioning.

Despite the obvious advantage of NLOM over confocal microscopy techniques,
it is relegated to use in academic research labs. Until recently, the femtosecond laser
sources required for NLOM have been large and require well trained personnel to
operate and maintain. Presently, there are several one box, turn-key, computer
controlled femtosecond laser systems that allow for mode-locking and tuning to be
accomplished with the push of a button. The second difficulty in making NLOM
imaging systems compatible with large tissue (and whole-animal) studies are the
inherent challenges associated with coupling high intensity femtosecond pulses into
optical fiber. The susceptibility of ~100 fs pulses to severe nonlinear broadening, a
phenomenon associated with the interaction of intense pulses with the glass core of an
optical fiber discussed in chapter IV, limits power delivered to the specimen or requires
complex optical systems to control. Nonlinear broadening makes the preservation of
temporal and spectral characteristics of ~100 femtosecond laser pulses at the focal plane
using traditional step-index single mode optical fibers challenging.

A new class of optical fiber has been developed which permit the propagation of
intense ultrashort pulses without the detrimental effects of nonlinear broadening.
Hollow core photonic crystal fibers[51] (HC-PCF’s), as their name suggests, have a
periodic array of holes forming a 2D crystal lattice comprising the cladding surrounding
a central defect in the crystalline structure as the core. This periodic crystalline structure
confines frequencies whose propagation vectors are forbidden from traveling through the
structure to the core. The corresponding air core has a very high threshold for
nonlinearity compared to the glass of step-index fibers allowing for the undistorted
propagation of intense pulses[52]. The photonic crystal structure of the cladding allows
core geometries to be created that are impossible with the total internal reflection

mechanism of confinement required by step-index optical fiber.



This dissertation will detail the principles of NLOM, femtosecond pulse
characterization, multispectral imaging, and optical fiber delivery of sub-10-fs pulses.
Principles of mode-locked laser operation and nonlinear optics will also be discussed as
they pertain to NLOM. The research covered within this document serves as a basis for
developing a freely translatable NLOM that can be oriented to a region of interest on a

large (e.g. whole animal) specimen.



CHAPTER Il
PRINCIPLES AND THEORY OF
NONLINEAR OPTICAL MICROSCOPY

NLOM is a laser scanning imaging technique that typically relies on femtosecond
pulsed lasers to generate observable signals through nonlinear interactions with the
tissue. Sec. 2.1 discusses the principles of laser operation and mode-locking as they
pertain to the Ti:AlLO; laser. Although other types of lasers have been used[53] in
NLOM, they will not be discussed here. Sec. 2.2 focuses on the nonlinear interactions
governing two-photon absorption and second harmonic generation. Finally, Sec. 2.3

discusses system design in NLOM.

2.1 PRINCIPLES OF LASER OPERATION

2.1.1 The Laser

The critical element to all lasers, the gain medium, is a material capable of amplifying
radiation. Stimulated emission, the principle responsible for amplification was first
discovered in 1916 by Albert Einstein, though the first laser was not constructed until
1960 by T. H. Maiman. Briefly, as illustrated in Fig. 2.1, energy is imparted onto the
gain medium by an external source. The gain medium is encased in a highly reflective
cavity that contains the amplified light and redirects it back through the gain medium for
further amplification. =~ A method to extract the light from the cavity must be

implemented, and is typically a reduction in reflectivity at one end of the cavity.



100% 90%
Mirror / Mirror
N
- | Gam I Output of Lager
Medium (.
7

<N

Fig. 2.1. Basic schematic of a laser.

In order for stimulated emission to take place photons equal to the relaxation energy
of the gain medium must be present. These photons arise from the absorption of pump
energy by the gain medium and the resulting spontaneous emission of light as electrons
undergo relaxation to the ground state. Pump energy can be imparted optically by
another laser or intense light source or electrically by passing a current through the gain
medium. Our discussion will focus on optical pumping by another laser as is standard
with Ti:AlLO; oscillators.

A laser, either an Agron ion or more commonly frequency double Nd:YVOy, is
focused onto the Ti:Al,O; crystal. The absorption of green light from the pump laser
promotes the Ti:Al,O; to an excited state. The radiative relaxation, spontaneous
emission, from the excited state emits a photon of lower energy than the pump light, in
this case around 800nm and is illustrated in Fig. 2.2. The bandwidth of the spontaneous
emission determines the gain width of the laser. Stimulated emission occurs when one
of these photons collides with an electron in the excited state causing it to rapidly fall to
the ground state and emit a second photon creating the process of amplification. Under
ordinary circumstances stimulated emission would rapidly deplete the excited state and
amplification would cease. To counteract this, a population inversion, where more
electrons are in the excited state than ground state, is required. The population of
electrons for a basic two-level system in the ground (N;) and excited states (N,) is

described by the following rate equations[54]



N1 =-T\N, + 4, N, + o®(N, - N,) (2.1a)

N2 =-T,N, — 4,N, —o®(N, - N,) (2.1b)
where I is the elastic collision rate, N is the population density, 4,; is the spontaneous
emission rate, ¢ is the atomic absorption cross section and @ is the incident photon flux.
By adding these two equations together, it can be seen that eventually elastic collisions
will deplete both states. The magnitude of I" is small relative to 4,; and c® and can be

ignored under most intermediate time conditions. This then leaves

N\ = A,,N, +o®(N, - N,) (2.2a)
N> =-A, N, —o®(N, - N,) (2.2b)
and after again summing 2.2a and 2.2b we can see that N+ N2> = 0 which means that

with no inelastic collisions N,+ N, =N =constant. We can now rewrite the rate

equation using only N,

N> =-A, N, —o®(2N, —N)=—(4,, +20®)N, + DN  (2.3)

which has the solution under constant pumping

No® | (4.2wy No®
N,(t)=| N,(0)- — = |o B 2.4
20) { .0) A21+2o<1)} +A21+20(D 24)

Under the conditions of intense pumping (o® >> 4, ) we can see that a saturated
excited state can only contain half the population. Under these intense steady-state
conditions power-broadening of the Lorentzian line function of the excited state allows

for a population inversion.
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Fig. 2.2. Quantum well diagram detailing the absorption of a photon from the pump laser
promoting the Ti:Al,O5 electrons to the excited state. The electron relaxed spontaneously
back to the ground state emitting a photon.

Following the establishment of a population inversion, stimulated emission will
dominate over absorption and amplification of the radiation within the cavity begins to
occur. The frequencies at which gain occurs are determined by the longitudinal cavity
modes of the laser. In order to satisfy the cavity resonance condition, the end mirrors
must be separated by an integer number of half wavelengths ensuring that the electric
field vanishes at the walls of the cavity. The resonant frequency is given as

ne
L= by (2.5)

where n is an integer and L is the cavity length. Practically speaking, for visible and
near-infrared wavelengths the cavity length is many times longer than the wavelength of
amplified light allowing many cavity modes to exist simultaneously. The spacing
between cavity modes is then obviously

c

Av=—
2L

(2.6)

and the number of supported cavity modes is the gain width divided by Equation 2.6.
Amplification of resonant frequencies within the cavity gives laser radiation its coherent
properties.

We have now established to conditions under which lasing can occur. In order to
achieve lasing amplification must overcome the cavity losses imposed by scattering,

absorption, and output loss. Output loss is the portion of the laser lost through the output
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coupler as the laser beam. The amount of gain necessary to equal these losses is the

threshold condition for laser oscillation. The gain threshold is then given as

1
g == nlin)+a 2.7)

where 7; and 7, are the end mirror reflectivities, / is the gain medium length and a is the

additional cavity loss. Cavity modes that exceed this condition will lase.

2.1.2 Modelocking
Lasing cavity modes are used to generate pulses from the cavity. The time duration of a
laser pulse is the Fourier transform of the spectral content of the pulse. Meaning, the
more cavity modes that can be used to generate a pulse, the shorter its duration becomes.
Theoretically, the shortest possible pulse a laser can produce is proportional to the
inverse of the laser gain width. For short pulse generation and modelocking the phases
of each of the lasing cavity modes are locked. The superposition of cavity modes
through constructive interference generates the intensity of the pulse. Destructive
interference between cavity modes away from the phase locked peak suppresses the
energy creating the pulse train. The locked phases of the cavity modes dictates that the
duration between pulses equals the roundtrip time within the cavity. Most short pulse
lasers rely on passive modelocking using a saturable absorber, semiconductor saturable
absorber (SESAM) or Kerr lens modelocking (KLM). Passive methods of modelocking
are capable of generating sub-100-fs pulses directly from a laser oscillator. The shortest
pulse achieved to date directly from a Ti:Al,O; oscillator is <6fs[55-57]. Active
modelocking involves the use of electro optic components, predominantly acousto-optic
modulators for acoustic loss modulation or pockels cells in electro-optical phase
modulation. Active modelocking is generally not used for ultrashort pulse generation
due to its complexity to implement.

To generate pulses with a larger spectral extent than the gain medium directly from
the laser oscillator without external compression, nonlinear interactions within the laser
crystal must be exploited. In our laser, modelocking through the optical Kerr effect and

self-phase modulation (SPM, Sec 2.2.1) is used to generate sub-10-fs pulses. The Kerr
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effect, intensity dependent refractive index of a medium, causes the refractive index of
the gain medium to be altered as
n(t)=n, +n(t) (2.8)

where /(?) is the time dependent laser intensity and 7, is the material dependent nonlinear
portion of the refractive index. This effectively produces a gradient index lens within
the gain medium. The buildup of cavity intensity causes the laser beam to self-focus
following the intensity gradient profile. This self focusing creates a pulsed beam of
narrower diameter relative to the continuous wave (CW) beam. In hard aperture KLM a
pinhole or slit is used to block, i.e. induce loss, the larger diameter CW beam. Soft
aperture, or gain aperture, KLM induces loss in the CW beam by detuning a focusing
mirror relative to the gain medium and second focusing mirror in a near confocal
resonator cavity. The pulsed beam has a smaller diameter than the CW beam allowing
for better overlap of the tightly focused pump and the pulsed beam. This increases the
gain efficiency for the pulsed beam when the resonator is in stable operation. Mirror
tuning range is dependent on the focusing parameters of the curved mirrors and their
confocal parameters[58-60]. The drawback to KLM is a decrease in long term laser
stability as the resonator must be operated near the edge of stability to favor
modelocking. A schematic of a KLM oscillator is depicted in Fig. 2.3. Although this
arrangement is not self-starting, modelocking can robustly be induced by toggling an end

mirror.
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oC
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\ D

—

Fig. 2.3. Soft aperture KLM. The Gaussian curve in the gain medium indicates the
intensity dependent refractive index profile induced by the optical Kerr effect. The
double headed arrow above M3 indicates the detuning of the curved mirror to favor CW
or pulsed operation. Toggling of M1 will induce modelocking. Green: Pump beam.
Red: CW beam. Blue: Pulsed beam. M1: End mirror. M2 & MS5: Intracavity mirrors.
M3 & M4: Curved mirrors. OC: Output coupler.

The second consequence of the optical Kerr effect is SPM. SPM results in the
spectral broadening of the pulse allowing KLM laser to obtain pulse bandwidths wider
than the gain width. For this to occur efficiently the positive frequency chirp induced
by SPM must be counteracted with negative intracavity group-velocity dispersion
(GVD, Sec. 3.1). This balance of SPM induced chirp and negative intracavity
dispersion allows the formation of soliton-like pulses propagating with an invariant
shape and inherently locked phases necessary for modelocking. The advantage of
soliton-like pulse propagation through the laser cavity comes from their intrinsic
stability and naturally occurring sech’ pulse shape. For pulses of ultrashort duration,
i.e. sub-10-fs, the dispersion compensation must include higher order terms to maintain

stability and to obtain ultrashort pulses directly from the oscillator. It should be noted
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that our laser does require external dispersion compensation to account for the output
coupler only.

The superposition of cavity modes to generate ultrashort pulses is directly
responsible for the high instantaneous intensity. A pulse essentially contains all the
energy that would exist in a continuous wave beam into discrete packets. Pulse energy
is then defined as the average laser power divided by the repetition rate. The peak

power of a sech’ pulse is therefore

T

E
P= .88[—”] (2.9)
where E, is the pulse energy, 1, is the Full-Width-Half-Maximum (FWHM) pulse

duration and the .88 is a deconvolution factor.

2.2 NONLINEAR OPTICS
2.2.1 Self-Phase Modulation
We have already seen that the optical Kerr effect induces an intensity dependence to the
refractive index. From the nonlinear polarization, Equation 1.1, induced by the applied
field the linear refractive index is described under the ¥ terms and the nonlinear
refractive index falls under X(S) terms. SPM is the phase change of an optical pulse

resulting from the nonlinearity of the refractive index. Assuming a sech’ pulse of the

form
1()=1,sech’ (Tij (2.10)
The phase change associated with this profile described by Equation. 2.8 is
., (6)=—n, %L[(t) =—n, ‘z LI sech’ [TLJ @.11)

where L is the propagation length through the medium, w, is the center frequency, and ¢
is the speed of light. We can rewrite Equation 2.11 in terms of the peak power of the

pulse
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by = 1P, = 2%k p 2.12)
ctw

where y is the nonlinearity coefficient, P, is the pulse peak power, and w is the
1/ e’ radius of the Gaussian beam. The phase change causes the pulse to undergo an

instantaneous frequency shift

sw=-tul) 20, dIO) 20, 0 (1] tanh(iJ 2.13)

dt c dt cT T T

This instantaneous frequency shift, assuming #; is positive from normal dispersion (Sec.
3.1), will cause the leading edge of the pulse to be shifted to lower frequencies and the
trailing edge to higher frequencies[61]. In the event of anomalous dispersion SPM will
cause frequencies to be shifted in the opposite manner leading to spectral narrowing.
Linear chirp associated with the instantaneous frequency shift is

2w

> Ln,l, (2.14)
CcT

o

As stated earlier, soliton formation is the result of an exact compensation of linear chirp
due to SPM and negative GVD. Satisfying these conditions creates a fundamental
soliton that is shape invariant. Increasing the intensity creates higher order solitons
whose shape changes with propagation distance in a periodic manner. The propagation

distance required for the pulse shape to be reconstructed is the soliton period.

2.2.2 Two-Photon Absorption
Two-photon absorption (TPA) was first predicted in 1931 by Maria Goppert-Mayer[62].
It was not, however, until the invention of the laser that it was observed in inorganic
crystals[63]. TPA in organic crystals[64] and then in dilute organic solution[65] was
first reported in 1963 using a pulsed Ruby laser. The first demonstration of TPA in
fluorescent biological samples was not demonstrated until 1990[2].

In the previous section we described fluorescence in terms of spontaneous emission
as the radiative decay of a molecule from an excited state back to the ground state. For

the purposes of our laser, only one photon is required to satisfy the allowed energy
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transition (resonant interaction) between the ground state and the excited state.
Multiphoton absorption, the simultaneous absorption of multiple photons to satisfy an
allowed energy transition mediated through a virtual transition state, is a resonant
interaction related to an odd-power nonlinear susceptibility depicted in Fig. 2.4. Since
the process requires two photons to arrive at the absorbing medium simultaneously and
in phase, the high intensity of femtosecond pulses is required to maintain reasonable

average power for survival of live biological specimen[66-69]. We can describe the
probability of a two-photon transition as

it/ R el

E,—E,—ho, E,—E —hao,

N A N A
19 p 210 210 19 p

)
(2.15)

(s
Vi zz

where f'is the final excited state, 7 is the initial ground state, / is the virtual intermediate
state, ¢ e pdescribes the density of states and w are the frequencies of the incident
photons. It should be noted that for TPA the frequencies need not be identical since the
absorption probability is summed across all intermediate states. Virtual states only exist
when a pulse is present. Therefore, a more accurate representation, using the bandwidth

of a sub-10-fs pulse for reference, is shown in Fig. 2.5.

=
- %hvout

= ¢

Fig. 2.4. Quantum well diagram showing the simultaneous absorption of two long
wavelength photons to satisfy the molecular transition to the excited state E, . The
dashed line represents the virtual intermediate state.
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Fig. 2.5. Spectrum of a sub-10-fs pulse. Rainbow coloring is added for reference to
colored arrows. Jablonski diagram showing absorption of any frequency combination
from the incident pulse to satisfy the molecular transition from i to f.

Equation 2.15 indicates that for a uniformly absorbing medium all frequency
components will contribute to the excitation provided they arrive in phase and motivates
the use of ultrashort pulses for TPA in NLOM. Therefore, since pulse spectral content
and pulse duration are inversely proportional one would expect the increase in

fluorescence to scale as 1/ 7, . Fluorescent contrast mechanisms, however, do not have
uniform absorption cross sections which imposes a physical limit on the 1/z, scaling of
fluorescence to pulse width. This is of particular importance when using sub-10-fs pulses
with a bandwidth >125nm. The transition rate for TPA can then be described as
@ _ ;O 2

RY =0'P(w) (2.16)
where 6”(®) is the two-photon molecular absorption profile. Non-resonant two-photon
excitation by femtosecond pulses can be understood by examining the two-photon
excitation power spectrum[70, 71],

TE(%+ Q))E(%—Q)JQ

0

2

T () = (2.17)

where E(w) is the Fourier transform of electric field £(¢) and Q is an iterative variable

that ensures integration over non-degenerate (sum frequency) and degenerate (second
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harmonic) frequency combinations. The probability of non-resonant two-photon

absorption is proportional to the overlap integral[72, 73],

T o Ta(z)(a))T(w)da) (2.18)

where 6(w) is the molecular two-photon absorption spectra. Assuming transform
limited pulses, calculated 7(w) calculated from the sub-10-fs laser spectrum is overlayed
with the molecular two-photon absorption spectra of three common biologically relevant
fluorophores in Fig. 2.6. It should be noted that since one-photon absorption follows
odd-parity selection rules and TPA follows even-parity selection rules (meaning one-
photon absorption and TPA do not excite to the same state) one should not expect the
two-photon molecular absorption spectra to be twice the wavelength of the one-photon

absorption for symmetric molecules.
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Fig. 2.6. Calculated T(®) from the sub-10-fs laser spectrum, solid blue curve overlayed

with the molecular two-photon excitation spectra of Indo-1 (cyan, diamonds), FITC

(green, circles), TRITC (orange, triangles).
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2.2.3 Sum-Frequency Generation
Sum-frequency generation (SFG) is a coherent second order nonlinear process that
follows y'? susceptibility. Being an even-order process, there is a quantum mechanical

requirement of a lack of inversion symmetry to produce SFG. SFG is a coherent process



19

and therefore, does not involve the absorption of two long wavelength photons followed
by the emission of a single short wavelength photon. Rather, SFG is the simultaneous
annihilation of two low frequency photons and creation of a single high frequency
photon at the sum of the two incident frequencies. Second harmonic generation (SHG)
is a degenerate case of SFG where the two incident photons have identical frequencies
illustrated in Fig. 2.7. Owing to the narrow bandwidth of most ~100fs lasers typically
used in NLOM, SHG is a reasonable approximation of the signal generation method. As
examined previously with TPA and assuming a uniform conversion efficiency of the
crystal, complete phase matching across the spectrum and a transform limited pulse, the
“SHG” signal generated from sub-10-fs pulses will be proportional to T(w) from
Equation 2.17.
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Fig. 2.7. Illustration of the simultaneous conversion of incident frequencies to the sum
frequency. The dashed line of the “excited” state indicates this is not a resonance
excitation. The degenerate case where ®,=w, for SHG is shown by the yellow arrows.

SFG is a three wave mixing process we define a plane wave for each frequency of the
field

E,(z,t)= A ) 1. C.C. (2.19a)
E,(z,t)= 4, 1. C.C. (2.19b)

E,(z,1)= A" 1 C.C. (2.19¢)
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where k, =—=", A, is the electric field amplitude and assumed to be constant; we
C

introduce the wave equation

ew,)0’E, 1 o*P™
o g’ o

VE, - (2.20)

From the right hand side of Equation 2.20 we can see that there is a nonlinear source

term corresponding to w; stemming from the nonlinear polarization in Equation 1.1

defined as

P,(z,t)= P +C.C. (2.21)
and the amplitude P; is defined as

P, =4g,d, A A, F (2.22)

where dy i1s determined from the second order-nonlinear susceptibility tensor matrix
derived from the crystal structure. It can be seen that the amplitude of the nonlinear
source term is dependent on the intensity of the driving fields and their corresponding
wavevectors. We have presented all of the terms that make up the wave equation

(Equation 2.20) by plugging in Equations 2.19¢c, 2.21 and 2.22 we obtain

2 —4d @? ;
ddzf3 +2ik, CZ} =i A Ayt (2.23)

Assuming the slowly varying amplitude condition, the fractional change in the amplitude
in a distance on the order of wavelength is small, we can neglect the first term on the left
hand side of the equation as it is much smaller than the second term and write coupled
wave equations for all three frequencies. They are termed coupled wave equations
because the electric field for each frequency is dependent on the electric field of the

other two frequencies.

2id @’ A
a4 _ 2y, A,A,e™* (2.24a)
dz kc?

da, 2id o)
dz k,c?

A, A ™ (2.24b)
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n s A A,e™ (2.24c¢)
3

We have introduced a new term Ak, the wavevector mismatch

Ak =k +k,—k, (2.25)
which is the degree of dephasing of the generated wave with respect to the nonlinear
polarization. Therefore, under perfect phase matched conditions each atomic dipole in
the crystal emits a field in phase allowing for the coherent superposition of all atomic
dipoles following the propagation vector, i.e. in the forward direction. It is then
convenient for microscopy to express the sum-frequency in terms of intensity by

integrating Equation 2.24c¢ over the interaction length of the nonlinear medium as

P

2.26
ke | Ak (2:20)
and substituting intensity for field amplitude Equation 2.26 becomes
2 2 sk q]?
;B ll L e 1] 2.27)

nn,n,e,c’ | Ak |
Equation 2.27 indicates the intensity of the sum-frequency scales with the square of the
electric field as expected for a second order process. The wavevector mismatch is only
present in the squared modulus on the right hand side of the equation. Multiplying this
term out and applying the appropriate trigonometric identity, the modulus takes the form
2

ML 1

Ak

e

= *sin cz(ATkLJ (2.28)

From this we can see that the large wavevector mismatch associated with the broad
spectral extent of sub-10-fs pulses propagating through a nonlinear medium will rapidly
diminish the intensity of the signal. Fortunately interaction length in highly ordered
crystalline structures in biology (i.e. collagen fibers) is on the order of 1um allowing
large Ak to be tolerated and matching the focal volume of high NA objective lenses.

It is also possible for SFG (and thusly SHG) to be generated at an interface of a

linear and nonlinear medium in the backward direction. This seems contradictory to the
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coherent nature, and forward propagation of the sum-frequency signal. Conservation of
energy and Fresnel reflection indicate that a small portion of the sum-frequency signal
should be reflected[61, 74]. The short interaction holds further advantages in the realm
of NLOM allowing backward propagating SFG to be detected by the focusing objective
since each fibril becomes its own nonlinear medium. In this case the short interaction
length of the collagen fiber cross section and focused beam dictates that the
backscattered and forward propagating signals are similar. From this relation it is
possible to determine the size of a collagen fibril as a function of forward to backward
propagating second harmonic[16]. Larger fibrils will have a greater intensity in the

forward direction.

2.3 DESIGN OF A NONLINEAR OPTICAL MICROSCOPE
The previous section detailed the two most common nonlinear optical processes used to
generate signal in NLOM. In this section we will detail the optical considerations in
designing a NLOM. The nonlinear dependence of the optical signals detected confines
their origin to the region of highest intensity, the focal volume of the objective lens only.
This creates optically thin images containing axial information on the order of a micron.
Optical signals are then detected by a photomultiplier tube (PMT) or a CCD. The output
of the detector is then read by a computer which renders an image based on detector
signal vs. scanner position. We will discuss beam scanning, image generation,
excitation and detection optics as they pertain to the system developed in our laboratory.
NLOM is a point laser scanning microscopy technique. Images are rendered by
scanning (typically in a saw-tooth or triangle pattern) a laser beam focused to a
diffraction limited spot across a specimen to render an en-face image. Traditionally,
galvonometrically driven mirrors are used for beam scanning, however, resonance
scanners[75] and acousto-optic modulators[76] have been used for high speed
applications. In galvanometer scanning systems the x-axis scans at high speed creating a

line scan. Two dimensional scanning is accomplished with a second y-axis mirror
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scanning very slowly relative to the x-axis where one frame represents the total scan

angle of the y-axis. This is schematically depicted in Fig. 2.8.

VJL
x-axis /I/I/I/I/I/l saw-tooth scan
“fast axis” _
triangle scan

y-aXiS V‘ | I\t
“slow axis™

Fig. 2.8. Scan waveforms for galvanometers.

To translate the scanning beam to the specimen plane the scan mirrors must be
appropriately imaged onto the back focal aperture (BFA) of the objective lens.
Keplerian telescopes are traditionally used with a point between the scan mirrors placed
one focal length from the first lens in the telescope. The BFA is located one focal length
away from the second lens in the telescope with the two lenses separated by the sum of
their focal lengths. In this arrangement the scanning mirrors create a pivot point at the
BFA where the beam is stationary in a 2D plane and the scan mirrors and BFA are in
conjugate planes. The second advantage in using this telescope allows the beam to be

expanded to fill the BFA using appropriate selected focal length lenses. The
5

magnification of the telescope is given as the ratio of focal lengths M = 7 . The beam
1

scanning optics for NLOM are schematically presented in Fig. 2.9.
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Fig. 2.9. Schematic of the beam scanning for NLOM. The dashed lines represent the
conjugate planes of the scan mirrors and BFA.

Since we are scanning a single point and detecting the signal on a ‘“single pixel”
detector (image pixel intensity is determined by overall detector output regardless of the
number of channels the detector contains) image resolution is solely determined by the
imaging optics and typically defined by the Rayleigh criterion. The Rayleigh criterion
indicates that two points of equal intensity are said to be resolved the principle
maximum of one point falls on the first minimum of the second point. The intensity
distribution of the radial focal field for a plane wave focused to a diffraction limited

point is given by

1(0,v) oc ‘M (2.29)

1%

where J(v) 1s a first order Bessel function of the first kind and
v :r%sina (2.30)

with » being the radial coordinate and o being the half angle of the focused beam.
Therefore, the lateral resolution of the system is

r= 614 (2.31)

NA
In the axial direction, the intensity distribution is described by a sinc” function, yielding
a broader axial distribution. Axial resolution is definied as

2nA
Z =
°  NA?

(2.32)
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These resolution numbers are slightly misleading as they do not take into account that
nonlinear interactions are confined to within the focal volume. This leads to an

improvement in both axial and lateral resolution where[3]

324
r =——(NA<0.7 2.33a
o \/ENA ( ) ( )
3252
r =———(NA>0.7 2.33b
1] \/ENA'()] ( ) ( )
. - .532;{ 1 } 030
\/E n —«/n2 — NA?

After taking into account the resolution improvements afforded by the nonlinear
interaction volume, NLOM have similar, though still lower, resolution than traditional
one-photon microscopy techniques.

NLOM detection optics can be configured in a back-reflected (focusing objective
collects optical signals), transmission (opposing objective or condenser lens collects
optical signals) or a combination of the two. Detection geometry is determined by the
experimental conditions. Imaging of thick biological tissues generally requires a back-
reflected setup and will be considered here. Transmission geometries are often reserved
for transparent or thin tissues.

Optical signals generated within the tissue are collected by the focusing objective.
Collection efficiency of these signals is a function of the NA of the objective. Higher
NA will allow the objective lens to collect photons that have been emitted or scattered at
higher angles from the tissue. It should be noted that higher NA lenses do not always
produce the brightest images as the front lens becomes small. Long working distance
objectives offer a good compromise between NA (and hence resolution) and front lens
diameter while allowing for deep tissue imaging.

In NLOM signal collected by the objective lens can immediately be focused onto a
detector. Unlike traditional light microscopy where image forming optics are necessary
to view the sample in an image plane, the point by point stitching of NLOM images

allows the detector to be placed anywhere in the optical path. Losses in the microscope
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can be eliminated by placing the detector directly behind the objective lens.
Unfortunately, most NLOM systems are converted from upright or inverted microscopes
and placement of the detector immediately behind the objective is inconvenient. In our
system the detectors are located at the top port of the trinocular head.

Backscattered light from the tissue is composed of back-scattered laser light and the
spectral constituents of the contrast mechanisms (i.e. fluorescence or SHG) in the tissue.
Enhancement of contrast in NLOM images requires the appropriate splitting of these
signals from each other. A primary dichroic mirror (a mirror that is designed to reflect
and transmit a specific set of wavelengths) is inserted into the beam path allowing the
excitation optics and detection optics to share a single common element, the objective.
Light collected by the objective is passed through the primary dichroic mirror where
much of the backscattered laser light is reflected out of the beam. Segmentation of the
collected signal light is accomplished by a set of secondary dichroic mirrors that reflect
light below a desired cutoff wavelength that corresponds to the contrast mechanism of
interest. Bandpass filters are placed after the secondary dichroic to further eliminate
backscattered laser light and to place tighter wavelength restrictions on the signal read
by the detector. This allows individual detectors to read signal originating from a
particular contrast mechanism. The image channels can be recombined in post
processing to form a complete image. Fig. 2.10 illustrates the full optical path of an
NLOM from the laser to a two-channel detection system.

Image rendering is accomplished by passing the signal read by the PMT to a
computer. The output current from the PMT is fed into a discriminator circuit (F100-T,
Advanced Research Inc.). The discriminator circuit is used to set a threshold to
minimize background from the detector by adjusting a potentiometer. A low threshold
means there is little noise in the system allowing most of the signal to be passed through
the discriminator. The discriminator outputs a TTL pulse for each incident photon. A
counter card on the computer reads the number of TTL pulses for each pixel displaying

the TTL pulse count as signal intensity in the image.
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If further image segmentation is required, or the spectral overlap of two fluorophores
does not allow for proper separation as described earlier, a multichannel spectral
imaging system can be implemented. In this case the two channel detectors are replaced
with a Czerny-Turner spectrometer containing a 16-channel multianode PMT (R5900U-

00-L16, Hammamatsu).
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Telescope

635 SP
Dichroic
Scan Mirror
Mirrors
d
Objective

\/

Fig. 2.10. Schematic of a NLOM. The laser is attenuated by the A/2 waveplate (WP) and
the linear polarizer (POL). The beam is directed to the scan mirrors through the telescope
and reflected down to the objective by the primary dichroic mirror. Optical signals are
collected by the objective and backscattered laser light is filtered by the primary dichroic
mirror. Secondary dichroic mirros and bandpass filters (BP Filter) further segregate the
collected signal into appropriate image channels. A lens focuses the signal onto the
detector to minimize loss due to overfill.
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A large core (910um) multimode optical fiber is used to transfer the collected signal
from the microscope to a remotely located spectrometer. The optical fiber is placed in a
conjugate plane to the BFA. This creates a pivot point on the fiber aperture analogous to
the pivot point of the scan mirrors on the BFA. Therefore, as the beam is scanned, the
point on the fiber aperture is stationary. Configured in this manner, the core diameter of
the fiber does not determine the field of view for the resulting image, rather, it determines
the overall signal intensity. Field of view is determined by the acceptance angle, or NA
(NA = 0.22), of the collection fiber. This layout is shown schematically in Fig. 2.11(A).

The optimal balance of sensitivity and resolution in a spectrometer comes from
optically matching the entrance slit width to the exit slit width. The Czerny-Turner
configuration chosen here places an image of the entrance slit onto the exit slit. In this
system the entrance slit is defined by the fiber aperture and the exit slit by the physical
width (0.8mm, 1.0mm pitch) of the detector elements. The 1.0mm pitch between
elements means that overfilling the exit slit will result in a loss up to 20%. Divergent
light from the entrance slit is collimated using the collimating lens of the spectrometer.
The large fiber core diameter constitutes an extended source and necessitates a large
diameter, long focal length (d=38.1mm, f'= 90.0mm) collimating lens. To appropriately
demagnify the entrance slit, a /= 75.0mm lens was used to focus the diffracted beam
onto the detector. Spectrometer magnification is the ratio of focal lengths. The
diffraction grating is placed in the infinity space between the two lenses and
schematically shown in Fig. 2.11(B). Achromatic lenses corrected for the visible range
were used in lieu of more common curved mirrors since off the shelf parts exactly
matching system specifications were not readily available. Large diameter achromatic
lenses have the advantage of well corrected spherical aberration which can lead to cross-
talk between channels.

The diffraction grating is responsible for separating the collected beam into its
individual spectral components. The diffraction angle is given by the grating equation

sin(a)+sin(8) = mdA (2.35)
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where a is the angle of incidence, £ is the diffraction angle, m is the diffraction order, d
is the groove density of the grating and 4 is the wavelength of diffracted light. To obtain
maximum diffraction efficiency from a blazed grating, the incident angle and diffracted
angle should be equal. This condition is known as a Littrow configuration. In most
cases it is not physically possible to have the entrance slit and detector spatially overlap.
To overcome this drawback the plane of the grating is rotated 90° allowing the grating to
be rotated perpendicular to the grooves. This rotation does not result in a loss of
efficiency and allows the entrance slit and detector to be spatially separated. Next, we
must determine the spectral extent that will fall on the detector from the known array
width of 16mm. The linear dispersion of the spectrometer defines the spectral extent per

unit width. Linear dispersion is given as

di _cos(B) _15so (2.36)
dx mdL,

where Lp is the focal length of the focusing lens. A diffraction grating with 700
grooves/mm blazed at 530nm (53-067-455R, Richardson Grating) yields a spectral range
of 280nm. The center wavelength of the spectrometer is set to 490nm giving a spectral
range of 350-630nm. Spectral resolution is given by the pass band of the exit slit. The
multianode PMT acts as a series of individual exit slits with a single element detector
behind the slit. Exit slit pass band is given as

_ weos(a)

BP =14.22nm (2.37)

mdL ,
where w is the entrance slit width and L, is the focal length of the collimating lens. The
very low resolution and spacing between detector elements limits the impact of

spectrometer aberrations on reduction in resolution.
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Fig. 2.11. Schematic of the coupling optics for the spectral detector. A) Schematic

representation of the coupling optics necessary to focus the collected signal from the
objective into the optical fiber. B) Optical schematic of the Czerny-Turner spectral
detector. Light from the fiber is collimated by the collimating lens. Collimated light is
then diffracted off the grating and focused onto the multianode PMT by the focusing lens.

Aberrations do not manifest themselves in the form of blur and distortion of an
image as with light microscopy. Instead, aberrations result in a loss of excitation and
detection efficiency. On the excitation side, spherical and chromatic aberration affect
focal volume diameter and pulse distortions (Sec. 3.2). Flatness of field imparts a radial
variation of the pulse duration at the focal plane owing to the radial varying dispersion
profile of the optics (Sec. 3.2). Astigmatism does not affect the pulse shape or duration,
however, it smears the axial point spread function reducing resolution. On the detection
side, these aberrations will prevent photons from reaching the detectors reducing

detection efficiency.
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CHAPTER Il
CHARACTERIZATION OF SUB-10-FS PULSES

This chapter discusses the temporal characterization of ultrashort pulses. Sec. 3.1
will encompasses dispersion, its effect on ultrashort pulses and methods for measuring
ultrashort pulses. Sec. 3.2 will detail the temporal characterization of sub-10-fs pulses as

they propagate through the microscope.

3.1 DISPERSION AND ULTRASHORT PULSE MEASUREMENT

3.1.1 Dispersion

Dispersion (a.k.a chromatic dispersion or material dispersion) is a material property
manifested as the frequency dependence of the refractive index. The refractive index of
a material is governed by x'" susceptibility (Equation 1.1), which is proportional to
material density and therefore results from the electromagnetic interaction of light waves
with the bound states of the material. A frequency dependent refractive index has the
additional consequence of imparting a frequency dependence on the velocity of light
traveling through the material. This frequency dependent velocity (and therefore phase)
is the mechanism that gives rise to temporal spreading of a laser pulse as it propagates
through a material.

The refractive index of a material is given as

n=.&.M, (3.1

where ¢, is the relative permittivity of the material and g, is the relative permeability of
the material. For wavelengths far away from a material resonance (visible and near-IR
for most glass), the refractive index can be approximated by the empirical Sellmeier

equation

ek Cj

n(l)2:|:1+i 5.4 } (3.2)

where A is the wavelength, B, and C; are experimentally determined Sellmeier

coefficients typically expanded to m = 3. The calculated refractive index curve for fused
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silica using Equation 3.2 is depicted in Fig. 3.1(A). The carrier envelope velocity of the
optical pulse as it propagates through a material is termed the group velocity and is
related to the refractive index by

-1
v, = c{n + a)ﬂ} (3.3)

do
where ¢, is the speed of light in a vacuum, n is the refractive index and o is the
frequency of light. From Equation 3.3 we can see that each frequency (and therefore
wavelength) within the pulse will propagate at a different group velocity relative to the
carrier envelope. This induces a phase shift, or group delay, for each of the spectral
components as

)= L],y | 2 dn (3.4)
do c dw A dA

with L being the propagation length of the pulse in the material. The mechanism
responsible for pulse broadening is the dispersion associated with the frequencies
traveling at different phase velocities known as group delay dispersion (GDD). GDD is
a function of the second derivative of the refractive index, therefore termed second-order

dispersion, and is given by

2 2 3 2
GDD:M:L[2ﬂ+a)d ”}L AL dn (3.5)

do* ¢ | do  do’| 2z dP

and is typically expressed in terms of fs>. In the fiber optics community this term is
normalized to a unit length following the derivative of the v, termed group velocity
dispersion (GVD). The calculated GVD curve for fused silica using Equation 3.5 is
depicted in Fig. 3.1(B). In dealing with ultrashort pulses, it is often necessary to take
into account higher order dispersion terms. For sub-10-fs pulses, third order dispersion
(TOD) is usually sufficient and is given by

3 2 3 4 2 3
TOD:—d¢:L{6dn+a)dn}L AL (3d”+zd”j (3.6)

do’ ¢, | do* = do’ | 4aric \CdA dE

o

The calculated TOD curve for fused silica using Equation 3.6 is depicted in Fig. 3.1(C).
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Fig. 3.1. Calculated dispersion curve of fused silica. A) Calculated refractive index curve
for fused silica using the Sellmeier equation. B and C) Calculated GVD and TOD curves

respectively for fused silica.

We can investigate the effects of dispersion on TPA and SFG by evaluating the

electric field of the pulse and adding a phase term. For a sech’ pulse we have the electric
field modulated by a phase term

E(w) = E, sech*(w)e" (3.7)
where E(w) is the Fourier transform of E(¢) and [I(w), the total frequency dependent

phase shift, is defined by a Taylor expansion

(3.8)
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The quadratic dependence of [(w) on second-order disersion imparts a linear ramp of
frequency with respect to time imparting a linear chirp. The sinusoidal modulation on
the frequency about the central frequency causes a reduction in the non-degenerate
summation of intensity of the two-photon power spectrum 7(w) (Equation 2.16),
therefore, proportionally reducing the probability of a two-photon transition described by
Equation 2.17. For sufficiently large values of chirp elimination of all non-degenerate
contributions can occur. Temporally speaking, different spectral components traveling
at different group velocities smear the pulse in time, reducing the peak intensity of the
pulse. A temporal smear decreases the probability that two photons whose energy
summation satisfies the electronic transition of the fluorophore arrive at the same time.
In terms of SFG, a reduction in the pulse intensity causes a reduction in the nonlinear
source term of Equation 2.20. In the frequency domain, GDD, this amounts to a change
in the wave vector increasing the wavevector mismatch.

The presence of TOD begins to change the shape of a pulse. This is because the
central frequency arrives first followed by the frequencies on either side as a result of a
quadratic dependence of group delay vs. frequency. Hence, TOD is sometimes referred
to as quadratic chirp. Time delay in the arrival of spectral frequencies causes them to
interfere resulting in beating seen in the temporal intensity profiles. Interestingly, this
quadratic chirp effects T(w) by narrowing the spectrum while maintaining amplitude.
Amplitude is maintained because the non-degenerate frequency summations occur for
the frequencies around the center remaining in phase. An identical narrowing of the

sum-frequency spectrum is also seen, again due to wavevector mismatch.

3.1.2 Dispersion Compensation

We have seen in the previous section that uncontrolled phase distortions adversely affect
the efficiency of the nonlinear processes involved in NLOM signal generation.
Additionally, the increased bandwidth of temporally shorter pulses makes them more
susceptible to the phase distortions introduced by the NLOM optical system, particularly
through the use of high NA objectives.[77-81] For example, a 100fs pulse with 4000fs
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GDD (a typical value for a nonlinear microscope) will be broadened to ~150fs whereas a
10fs pulse with the same GDD will be broadened to ~1.5ps. Efficient nonlinear signal
generation with the least amount of power delivered to the specimen requires the
compensation, or at least the minimization, of these phase distortions. Compression of
6-fs pulses was demonstrated by compensating GDD and TOD using a grating and prism
sequence[82]. Previous works have examined the effects of ultrashort pulse propagation
(ranging from 170-fs to 10-fs[9, 79, 80, 83, 84]) in NLOM optical systems and
minimized phase distortions at the focal plane using prisms. Studies have also shown
that the increased peak power of the pulse allows for enhanced depth penetration[5, 6,
8]. For very deep tissue imaging it may be advantageous to increase peak power through
reduction in temporal duration instead of increasing pulse energy owing to the high
susceptibility of ultrashort pulses to phase distortions mitigating out of focus signal
generation generated when focusing 100nJ amplified pulses.

Dispersion compensation is accomplished by imparting a negative chirp equal to the
positive chirp of the NLOM before it enters the microscope optics. In NLOM, the most
common method of dispersion compensation is the use of a prism pair pre-chirper. In a
prism prechirper light is incident on the first prism in the sequence at Brewster’s angle.
The dispersion of the prism causes the spectral components of the incident beam to exit
the prism at different angles. A second prism is used to bring the dispersed beam back
into parallel propagating beams where they are retroreflected back through the sequence
as shown in Fig. 3.2. GDD for a prism sequence is given as

d’¢ A d°P
do* 27°c’ dX

d’P _ 4{22’2“ +(2n-n" X%} }zp sin(f) - 8[%) 1,cos(B)  (3.10)

(3.9)

ar

2
where

¥ is a function of prism material, incident angle £, and prism spacing /.

TOD for a prism sequence is given as
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2 3
is Equation 3.10 and

where is again dependent on prism material, incident

A 2
angle f, and prism spacing /,. The drawbacks to a prism sequence are the requirement
for long prism spacing large values of GDD (~45cm for 4000fs® using SF10 prisms) and
net negative TOD. Large prism spacing can lead to an overfilling of the second prism
face in ultrashort pulses owing to their large bandwidth. To counter the net negative

TOD a grating sequence can be added. Grating sequences have the benefit of negative

GDD but positive TOD. GDD for a grating pair is given as

d’¢ _ Al {1_(3_@1@)} } 2 (3.13)

do®  md’c

and TOD is given by

/1 . .2
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where d is the groove spacing and y is the angle of incidence on the grating.

(3.14)
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Fig. 3.2. Schematic detailing the principles of a prism prechirper. The incident beam is
dispersed by the first prism in the sequence. A second prism makes the dispersed beams
collinear where they are retroreflected back through the prism sequence. The
retroreflector can be tilted slightly allowing the chirped pulse beam to be separated from
the original beam.

Recent advancements in the development of double chirped mirror (DCM)
technology have allowed the compression of ultrabroadband pulses in the single cycle
regime[85]. Negative GDD and TOD is a function of a periodic series of selectively
reflective layers. Phase shifts occur at the interface between the alternating high and
low refractive index layers. Unlike conventional Bragg mirrors, DCM’s have the added
advantage of an increase in layer thickness the further into the stack light penetrates.
This has the advantage of smoothing oscillations in the GDD curve that can occur in
Bragg mirrors and allowing for dispersion compensation over a broader wavelength
range. The selective reflectivity of the layer allows red frequency components to travel
deeper into the chirped mirror stack accumulating a greater group delay relative to blue
frequency components[86]. Further reduction in GDD oscillations is accomplished by
using the first few layers of the mirror stack as an impedance matching series and an
anti-reflection coating placed on the top layer. These layers prevent backreflections
from the top and back mirror surfaces creating a Gire-Tournoise interferometer (GTI)
inside the mirror stack. The multilayer structure of the DCM is schematically illustrated

in Fig. 3.3.
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Fig. 3.3. Schematic of a chirped mirror stack. Alternating layers of a high index and low

index material of increasing thickness provide phase delays across a broad spectral range.
Dispersion compensation is a function of reflection through the mirror stack.

GDD and TOD are no longer a function of interelement spacing, but are functions of
the multilayer mirror coating properties imparted per reflection. Negative dispersion
can be added by increasing the number of reflections between a pair of CM’s allowing
for the construction of very compact dispersion compensation systems. The mirror
layers can be designed to compensate for spectra spanning one octave[57].
Additionally, the TOD/GDD ratio can be customized to exactly compensate the
dispersion of the optical system through which the laser will propagate[86]. This holds
a distinct advantage over prism and grating based dispersion compensation methods.

Furthermore, the nondispersive nature of the mirrors maintains beam quality.

3.1.3 Ultrashort Pulse Measurement

The high susceptibility of sub-10-fs pulses to dispersion mediated temporal broadening
requires the ability to measure pulse width at the focal plane of the microscope.
Measuring the pulse duration at the focal plane allows the pulse duration to be
minimized as negative GDD is added to the system to compensate for the positive GDD
of the optics in the microscope. This approach yields an exact GDD measurement of the

microscopy system.  Typically, this is done by a second-order interferometric
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autocorrelation. The autocorrelation is termed second-order owing to the reliance on
second-order nonlinear signals (i.e. SHG or TPA) for pulse width measurement.
Interferometric autocorrelations (IAC) are generated by placing a Michelson
interferometer in the beam path. A beam splitter splits the beam into the two arms of the
interferometer where they are retroreflected back and then recombined by the beam
splitter into two overlapping collinear beams. The retroreflector in one of the arms is
rapidly oscillated introducing an optical path difference, and therefore a time delay,
between the two beams. Collinear beams are then focused into a nonlinear medium
where they interfere[87]. The nonlinear medium is usually a KDP or BBO crystal to
generate SHG. As we saw from Sec 2.2.3 the broad bandwidth of sub-10-fs pulses
places a significant contstraint on second harmonic crystal thickness due to phase
matching conditions. To minimize the influence of dispersion and phase mismatch from
distorting the IAC, SHG crystals should be very thin (~25um). SHG intensity is then
integrated by a photodetector as a function of time delay. The beam path is illustrated in

Fig. 3.4. The general expression for the IAC is given as

At (3.15)

Le = [|EG+ EG—oF[ e = [|ECY +2B0)EQ—c)+ B~

For long delays the intensity read by the photodetector is the sum of the SHG produced
by each pulse pair and defines the background as

IgzﬂE(z)f\ +|E(- r‘ \ (3.16)

In the case of zero delay between the two pulses we get the coherent superposition of the

of the two fields

E z)z\2 (3.17)

leading to the characteristic 8:1 contrast ratio of the second-order IAC. When the two
pulses are delayed such that the field maximum of one pulse and the first minimum of

the electric field from the second pulse are aligned near complete destructive
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interference occurs between the two fields creating a zero intensity read by the detector

illustrated in the IAC curve of the sub-10-fs laser in Fig. 3.4.
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Fig. 3.4. Schematic illustration of a second-order interferometric autocorrelator. Inset:
IAC of a sub-10-fs pulse laser.

Second order IAC can also be obtained through TPA. In this configuration, the
collinear beams are focused into a fluorescent dye solution[79] or onto a two-photon
absorbing photodiode[88]. Using a fluorescent dye or two-photon absorbing photodiode
can be advantageous in measuring ultrashort pulses over second harmonic crystals as
they are not subject to phase matching conditions. Additionally, two-photon
photodiodes have been shown to have a wider spectral response than a second harmonic
crystal making them well suited to sub-10-fs pulse width measurements.

A drawback to the IAC arises in deviations in pulse shape from a complex spectral
phase profile can cause an inaccurate measurement of pulse width. This makes the IAC
better suited to measuring transform-limited or near transform-limited pulses, that we
obtain at the focal plane of a microscope with proper dispersion compensation. To
obtain complex spectral phase information it is necessary to measure a pulse in time and
frequency simultaneously (the time-frequency domain) using Frequency-Resolved
Optical Gating (FROG)[89, 90] and Spectral Phase Interferometry for Direct Electric-
Field Reconstruction (SPIDER)[91, 92].
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3.2 EXVIVO CHARACTERIZATION OF SUB-10-FS PULSES

Characterization of sub-10-fs pulses through the NLOM optical system is an integral
step in generating efficient nonlinear optical signals from within biological specimen.
Nonlinear signal generation falls off rapidly as spatial, and temporal distortions affect
pulse parameters. The phase fronts leading each spectral component are no longer
superimposed on one another reducing the peak power of the pulse and altering its
shape. Therefore, it is necessary to compensate for this by imparting a negative linear
chirp that is equal or nearly equal to the positive linear chirp imparted by the glass of the
optical system.

In our system, schematically shown in Fig. 3.5, phase distortions of sub-10-fs pulses
propagating along the optical axis were corrected using a pair of dispersion
compensating mirrors (DCM). Pulses were characterized by inserting a low dispersion
Michelson interferometer into the optical path allowing collinear beams to be directed to
the microscope. Collinearly propagating beams allows the pulse to be characterized
across the entire aperture of the optical system under test. The laser is coupled into the
epi-fluorescence port of the microscope via the galvanometer driven mirrors. A 1.5:1
beam expanding telescope comprised of two near-IR designed achromatic lenses
appropriately images the spot from between the galvanometer mirrors to the back focal
aperture (BFA) of the microscope objective. The beam is directed to the microscope
objective by the primary dichroic mirror. The objective focuses the collinear beams into
a piece of mouse tail tendon (MTT) immersed in phosphate buffered saline (PBS). MTT
is primarily composed of collagen fibers and is used as the y® crystal to generate the
IAC. Nonlinear optical signals are collected by the focusing objective and directed to
the two channel detector unit mounted on the trinocular head. Back scattered laser light
was filtered during autocorrelation measurements using 1 mm of BG-39 Schott glass

filter.
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Fig. 3.5. Schematic diagram for ex vivo pulse characterization. Illustrated are the laser,
dispersion compensation optics, autocorrelator, scan telescope and microscope optics.

This arrangement allows the measurement of the pulse after propagating through all
components of the optical system including the multilayer dielectric coating of the
primary dichroic mirror and the immersion medium. The dielectric layers of the
dichroic mirror will impart a frequency chirp similar in nature to the DCM. The proper
objective immersion medium is required to account for its added dispersion to the optical
system and for appropriate control of aberrations in the objective lens, stemming the use
of MTT immersed in PBS. MTT was chosen as the medium to generate the second
order signal in order to characterize pulse behavior within a common biological
constituent. Intensity of SFG signal generated within MTT is proportional to the
spectral upconversion within the collagen. The ability to generate short autocorrelations

within the MTT indicates near entire upconversion of the pulse spectrum for maximum
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signal generation. Autocorrelations generated in MTT have identical pulse width to
those obtained with a GaAsP photodiode (Fig. 4.5 (B)).

The double-pass configuration of DCM allows a total of 32 bounces. This geometry
gives simple dispersion tuning up to -6400 fs? and -3840 fs’ in increments of -400 fs’
and -240 fs’ in GDD and TOD, respectively, at 800 nm with 82% (94% if retro-reflector
losses are neglected) efficiency after 16 bounces. Fixed negative chirp imparted by
DCM per reflection requires addition of glass to the beam path for fine dispersion
compensation adjustments. We use combinations of antireflection coated BK7 windows
at 2, 3, or 4 mm thickness and fused silica wedge pair, each mounted on a linear
translation stage providing an additional 400 um to 3 mm of glass. This corresponds to
precise control of up to 518.2 fs* GDD and 375 fs® TOD.

Autocorrelation traces in Fig. 3.6(A-F) show distinctive side lobes on either side of
the central peak. FWHM of the central peak is reported as Minimum Pulse Width
assuming a sech’ pulse shape (see Table 3.1). Side lobes are the result of cross
correlation between a broadened, marginal ray and an optimally compensated pulse
traveling along the optical axis at the paraxial focus[81]. Delay between the central and
side lobe peak is associated with chromatic and spherical aberration within the optical
system.[93] This is reported as Total Delay in Table 3.1 and indicates the delay for
pulses passing radially through the system. The values of Total Delay are consistent
with previously reported studies[81].

Unfortunately, the optics of the system have aberrations and therefore impart a
nonuniform phase delay across the aperture of the optic. It has been reported[77] and
experimentally shown[94] that significant pulse broadening can occur because of non-
constant GDD across the face of a lens leading to propagation time difference (PTD).
The curvature of a positive lens dictates that the central portion of a lens be thicker than
the periphery. This means that we now have a spatial distribution of dispersion and a
radial dependence on the position in time and space of the pulse traveling along the
optical axis as compared to a marginal pulse. For a given frequency, a marginal pulse

will arrive at the paraxial focus before a pulse traveling along the optical axis arising in
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propagation time difference (PTD) causing an artificially broad pulse to arrive at the
focus. These distortions can not be compensated by traditional means and would require
the fabrication of a pre-chirper with a radially varying chirp. Achromatic lenses correct
for this type of distortion as the optical path length across the face of the lens is constant
for a given frequency. There is still, however, a frequency component to PTD in
achromatic lenses as they can not be made perfect for all spectral components. The
objective lenses for this microscope are chromatically corrected for the visible region
which will lead to some PTD broadening when illuminated with NIR light. The
curvature of a lens system will also induce spherical aberration when marginal pulses are
refracted to a higher degree, owing to a greater curvature near the periphery, than pulses
near the optical axis. This causes marginal pulses to come to a focus before the paraxial
focus. Spherical aberration in conjunction with spherochromaticity lead to the formation
of a pre-pulse.

An interferometric autocorrelation in Fig. 3.6(G) obtained using 20X Plan-
Apochromat, 0.75NA (Zeiss) air objective collimated by a near-IR achromat outside the
microscope with a beam diameter relative to BFA was D, = 0.32 does not show side
lobes. FWHM of 11.5 fs compared to 11.7 fs for the identical objective using MTT at D,
= 0.7 (Fig. 3.6(A)) justifies the Minimum Pulse Width. The effects of spherical and
chromatic aberration can be minimized for D, < 0.4 allowing one to obtain the original
pulse width.[81] With D, > 0.4, aberration increases quadratically with radial distance.
The actual pulse width of a 10-fs laser has been measured at the paraxial focus of a
singlet lens with chromatic and spherical aberrations[78]. Furthermore, such aberrations

are responsible for distortions in the spatial field at the focus[95].
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Fig. 3.6. Interferometric autocorrelation at NLOM focal plane. A) 20X Plan-Apochromat
0.75 NA, B) 20X Achroplan 0.5 NA, C) 40X Achroplan 0.8 NA, D) 63X Achroplan 0.95
NA, E) 100X Achroplan 1.0 NA, F) 63X C-Apochromat 1.2 NA, G) 20X Plan-
Apochromat .75 NA with small beam diameter, and H) Sub-10-fs pulse directly from
oscillator for reference.

The Achroplan series of objectives all share similar spherical and chromatic
aberration. The 20X Plan-Apochromat shows the least amount of total delay with
minimum objective contribution to aberration while realizing the full aberration induced
by the telescope. The 63X C-Apochromat, 1.2 NA shows the shortest total delay with an
overfilled aperture, indicating its higher level of aberration correction. Aside from the
100X Achroplan, 1.0 NA, the two most well corrected objectives yield the shortest
minimum pulse width. The 100X Achroplan yields shortest pulse widths because it has
the least amount of dispersion to compensate, and thus, the smallest residual TOD.
Pulse width calculations, optic dispersion parameters and D, for each objective are

presented in Table 3.1.
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Table 3.1. Measured pulse parameters at the NLOM focal plane. Calculated dispersion
parameters, minimum pulse width(+.4 fs), BFA (D,) and total delay (£2.7 fs) of the pulse.

) TOD Minimum Total

Component GVD (fs?) () Pulse D; Delay
Width (fs) (fs)

20X Achroplan 0.5NA -3818.7 -2378.4 12.5 1.0 26.5
40X Achroplan 0.8NA -4000.0 -2400.0 12.7 0.7 25.4
63X Achroplan 0.95NA -3728.0 | -2367.6 12.3 1.0 26.5
100X Achroplan 1.0NA -3464.0 | -2143.8 11.3 1.4 26.5
20X Plan-Apochromat 0.75NA | -3728.0 -2367.6 11.7 0.7 21.1
63X C-Apochromat 1.2NA -4528.0 -2847.6 11.9 1.2 25.1

3.3 CONCLUDING REMARKS

We have demonstrated the ability to compensate phase distortions induced by ultrashort
pulse propagation through a complete NLOM optical system. To our knowledge, this is
the first time aberration and dispersion has been characterized in a NLOM optical system
using sub-10-fs pulses. The ability to obtain minimally broadened pulses within a MTT
preparation indicates that nearly the entire pulse spectrum is being upconverted and
phase matching condition is significantly relaxed. The measurement of minimally
broadened pulses at the focal plane of the NLOM is essential for live tissue imaging by
minimizing thermal and photo damage mechanism. Additionally, the entire pulse
spectrum is available at the focus of the NLOM allowing for multiple fluorophore
excitation. New capabilities may be realized with NLOM utilizing dispersion
compensated ultrashort pulses including efficient, simultaneous excitation of multiple
fluorophores for optical molecular profiling and laser microsurgery[96-98] without pulse

amplification.
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CHAPTER IV
MULTISPECTRAL NONLINEAR OPTICAL MICROSCOPY

This chapter discusses the simultaneous excitation of multiple fluorescent probes in
NLOM.  Sec. 4.1 details the advantages of multispectral imaging in further
understanding biological processes. Sec. 4.2 discusses multiple fluorophore excitation
using sub-10-fs pulses. Sec. 4.3 demonstrates the multispectral imaging capabilities of

NLOM using an in vitro angiogenesis model.

4.1 MULTISPECTRAL NONLINEAR OPTICAL MICROSCOPIC IMAGING
Optical molecular imaging is an emerging field comprising several techniques to provide
complimentary information at the molecular, cellular, tissue, and whole-organism
levels[10]. These techniques are well matched with emerging genomic and proteomic
technologies[ 1, 11] enabling the development of fluorescent (protein) optical probes[12]
and nanotechnologies allowing multifunctional imaging in real time with minimal or no
invasion[13, 14]. The minimally invasive nature of nonlinear microscopic imaging and
its ability to provide concomitant morphological and chemo-physiological information
within tissues makes it well suited to follow the developmental progression and response
to pathologic or mechanically induced stressors. Additionally, the wide range of
detectable contrast mechanisms available to NLOM make it well suited to optical
molecular imaging from the nano to macro scale.

The advantages of nonlinear signal generation for imaging vary depending on the
tissue and mechanism of signal generation. Second harmonic generation (SHG) requires
highly ordered tissue structures, making it a constituent specific intrinsic contrast
mechanism localized to collagen[15-17], cardiac myocites[18] and muscle
sarcomeres[19]. Two-photon excited autofluorescence of NAD(P)H[20-26], flavins[27],
and mature elastin[28]  provides morphological, spectroscopic and metabolic
information surrounding cellular processes. Morphological and functional imaging can

be further expanded with the use of exogenous markers specific to tissue



48

constituents[99].  Fluorescent proteins are increasingly being used to observe
developmental events as they can be widely expressed in the cytoplasm or inserted into
genes for specific cytogenetic profiling. Efficient interpretation of these contrast
mechanisms requires multispectral imaging capabilities.

The primary complication to in vito nonlinear multispectral imaging is the reliance
on narrowband femtosecond laser pulses. Optimal fluorescence excitation efficiency
necessitates the tuning of the laser to an absorption maximum for the individual contrast
agents and rescanning of the tissue. To overcome this drawback, we use broadband,
sub-10-fs pulses having a spectral bandwidth of ~125 nm. Two-photon excitation
efficiency is determined by the overlap of the laser two-photon excitation power
spectrum and the two-photon action cross section of the fluorescent probe of interest[1].
Sub-10-fs pulses therefore, require careful control of the pulse duration at the sample.
The minimization of pulse duration at the sample[9], allows the contribution of all
spectral components to fluorophore excitation. Furthermore, simultaneous excitation of
multiple contrast agents greatly reduces the photo and thermal damage associated with
rescanning the sample. An in vitro angiogenesis model[100] using human umbilical
vein endothelial cells (HUVEC’s) expressing multiple (Cyan, Green, Yellow, DsRed)
fluorescent proteins was used to demonstrate the viability of broadband excitation in

multispectral NLOM.

4.2 CHARACTERIZATION OF SUB-10-FS PULSE INTERACTIONS WITH
COMMON DYE SOLUTIONS

Pulse characterization in dye solutions are also necessary to fully understand the TPA
process. Dye solutions were not used to characterize pulse width and optical properties
of the NLOM system, but rather the ability to excite multiple fluorophores
simultaneously having well separated two-photon absorption profiles with sub-10-fs
pulses.  Efficient simultaneous excitation of multiple fluorophores reduces the
photodamage inherent to multiple fluorophore experiments using narrowband pulses.

Narrowband pulses for excitation require the laser to be tuned and the sample rescanned
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for each of the fluorophores used. To avoid detrimental effects of photo and thermal
damage inherent to rescanning, the laser is often tuned to a compromising wavelength
and the power increased giving rise to simultaneous inefficient excitation. Given the
broad bandwidth of sub-10-fs pulses, all fluorophores in the visible range can be
simultaneously and efficiently excited using a single pulse.

Two-photon excitation cross-sections and emission spectra of common organic dyes
and green fluorescent proteins using ~100 fs pulses has been measured[101-103]. These
studies indicate that there are large two-photon excitation cross sections throughout the
Ti:AlLO; tuning range among many of the common dyes used in fluorescence
microscopy. This makes many of the commercially available dyes suitable for NLOM.
Two-photon absorption spectra were measured using a 170 fs narrowband Ti:Al,O; laser
as a function of fluorescence emission intensity vs. central wavelength tuning, Fig. 2.6,
for three common biological fluorophores Indo-1, FITC, and TRITC. From our
discussion in Sec. 2.2.2, it should be possible to excite all three of these dyes
simultaneously using a sub-10-fs pulse.

In order to test the ability to excite multiple fluorophores simultaneously, transform
limited sub-10-fs pulses were focused using a f=50mm curved mirror just beyond the
wall of a Schott B270 (German white soda glass) cuvette with all sides polished. Laser
beam attenuation was accomplished by rotating the first of a pair of crossed polarizers
such that the output polarization remained constant. A total of -300 fs> GDD was
imparted on the pulse using DCM’s to compensate for the oscillator, polarizers and
cuvette wall evidenced by the 10.4 fs autocorrelation obtained with similar system
parameters in Fig. 4.1. A curved mirror was chosen for focusing over an achromatic
lens as it does not introduce additional dispersion or chromatic aberration which can lead

to pulse distortions.
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Fig. 4.1. 10.4 fs autocorrelation of the pulse focused just within the cuvette.

Dye solutions comprised of Indo-1, FITC, and TRITC were chosen as their emission
spectra cover most of the visible range. To ensure TPA for the individual dyes, an
emission spectrum, Fig 4.2(B, bottom), was collected as the input power was varied
from 10-100 mW in 10 mW increments. The peak fluorescence at each power level vs.
incident laser power was plotted to verify an I* power dependence for each dye tested.
The one-photon absorption (OPA), one-photon emission peak (OPE) and two-photon
emission peaks (TPE), dye concentration, solvent, I slope and R value for each dye are

detailed in Table 4.1.

Table 4.1. Emission, concentration, solvent and intensity slope of the dyes under test.

Dye OPA OPE TPE | concentration | Solvent | I slope R’

Indo-1 | 345nm | 475 nm | 498 nm 100pM Water | 2.00+.02 | .998

FITC 496nm | 518 nm | 531 nm 100pM Water | 2.00+.02 | .999

TRITC | 552 nm | 577 nm | 582 nm 100uM MeOH | 1.93+.01 | .999

Each dye exhibited a notable red shift in the emission spectra over their one photon
counterparts. Indo-1 showed a distinctly larger red shift over FITC and TRITC.
Simultaneous excitation of Indo-1, FITC and TRITC in a mixed solution is shown in
Fig. 4.2(B, top). The narrowed and reduced spectrum of Indo-1 in this plot is believed to

result from one-photon absorption of Indo-1 fluorescence by FITC. The one photon
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absorption spectra of FITC and TRITC are illustrated in Fig. 4.2(A). The valley between
Indo-1 and FITC emission corresponds with the one-photon absorption peak of FITC.
We can also see that the valley between FITC and TRITC corresponds with the one-
photon absorption peak of TRITC.

The FITC emission peak of the Indo-1 and FITC mixture (Fig 4.2 (B, middle cyan))
is blue shifted with regard to the two-photon emission peak of the individual solution of
FITC outlined in green (Fig. 4.2(B, bottom green)). The individual dye solution of
TRITC (Fig. 4.2(B, bottom red)) and the simultaneous Indo-1 and TRITC (Fig. 4.2(B,
middle purple)) curve have similar Indo-1 profiles, though a slight blue shift of the
TRITC spectrum. This shift is most likely due to TRITC being added to water, a change
in the grating position of the spectrometer between the two curves and a slight
contribution of Indo-1 fluorescence. Blue shift of TRITC becomes more pronounced in
the simultaneous excitation of all three dyes and can be attributed to the FITC emission

tail.

43 MULTISPECTRAL IMAGING USING AN IN VITRO ANGIOGENESIS
MODEL
HUVEC’s (Cambrex) were grown on gelatin-coated tissue culture flasks (1mg/ml) in
culture media that consisted of M199 containing 15% fetal bovine serum, 400ug/ml
bovine hypothalamic extract [104], 100ug/ml heparin (Sigma), 0.1% gentamycin and 1%
penicillin/streptomycin (Invitrogen). Cells were passaged once a week and used between
passage 2 and 6. Stable cell lines expressing the fluorescent proteins previously detailed
were generated using a recombinant lentivirus system (Invitrogen). Backbone plasmid
(4ug) and Virapower plasmid (12ug) was transfected into 293 FT packaging cell line
(Invitrogen) using 36ul Lipofectamine 2000. Supernatants were collected at 72 hours,
centrifuged at 500Xg for 10 minutes, filtered and used fresh to transfect passage 2 cells.
Following blasticidin selection (Sug/ml) for 2 weeks, cells were frozen down at passage

3 or used in experiments.
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Fig. 4.2. Absorption and emission spectra of three biological fluorophores. (A) One-
photon absorption spectra of FITC and TRITC. (B) Top: Simultaneous excitation of
Indo-1, FITC and TRITC, Middle: Simultaneous excitation of Indo-1 and FITC (cyan)
Indo-1 and TRITC (purple), Bottom: Individual emission spectra of Indo-1 (blue), FITC
(green), and TRITC (red). Dashed vertical lines indicate the one-photon absorption peak
of FITC and TRITC.

Fibrous collagen gels (3.6mg/ml, BD Biosciences) were assembled as previously
described [105] before incorporating 1uM S1P. After thorough mixing, 1ml of collagen
mixture was added per well of a Falcon 12-well plate (Becton Dickinson). Gels were
allowed to polymerize and equilibrate for 20 minutes at 37°C in CO; incubator prior to
seeding 3.6x10° cells per well in serum-free Medium 199 (Invitrogen) containing
reduced serum supplement II (RSII), recombinant VEGF (40ng/ml, Upstate
Biotechnology), recombinant FGF (40ng/ml), ascorbic acid (50pg/ml) and TPA
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(50ng/ml, Sigma Aldrich). After allowing ECs to attach to the collagen matrix for 20
minutes, the seeded gels were covered with 3ml of identical serum-free media. For
imaging the media was removed and replaced with PBS. After images were acquired
PBS was replaced with media and the cultures were placed back in the incubator.

A key advantage to NLOM is the reduced photobleaching and photodamage
associated with the generation of observable optical signals being confined to the focal
plane. Broadband NLOM represents a greater reduction in thermal and photodamage of
multiply labeled tissue cultures by exciting all fluorescent molecules simultaneously. As
we have previously stated, this allows for the signal (and therefore, spectra) of all
constituents to be collected simultaneously without the need to tune the laser and rescan
the tissue. During each imaging session, two or three lumen were imaged sequentially.
For each lumen an image stack was obtained ranging from 60 pum to 180 um in depth. A
2um interval between slices was used to minimize the time tissues were left out of the
incubator. Each slice was reconstructed from three scans (16 s per scan) using 40 mW
of power to the galvanometer mirrors. The progression of the cells over 24 hours
indicates that the long scan duration did not damage the tissue over the imaging period.

Reference spectra for the individual fluorescent proteins were obtained by imaging a
confluent monolayer of HUVEC’s seeded directly onto the bottom of a Falcon 12-well
plate. The obtained reference spectra are normalized to peak fluorescence intensity and
shown in Fig. 4.3. Emission spectra are clearly separated and well defined. The image
corresponding to the 60 hour time point was chosen as it contains HUVEC’s expressing
three (cyan, green, yellow) of the four fluorescent proteins. We were unable to obtain a
single lumen that contained cells expressing all four fluorescent proteins. The spectra
for a region of interest corresponding to collagen, individual cells, and the lumen are
shown in Fig. 4.4. The regions over which the spectra were integrated are outlined with
a dashed box. Fluorescence intensity for the obtained spectra are normalized over the
number of pixels within the dashed box prior to image processing. Therefore, the

fluorescence intensities can be compared on a relative basis.
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Fig. 4.3. Emission spectra of three fluorescent probes. Emission wavelength of Cyan
fluorescent protein (cyan, square) Green fluorescent protein (green, triangle) and yellow
fluorescent protein (yellow, circle) collected using the spectral detector.

Second harmonic wavelengths corresponding to the extracellular matrix are
represented in region one and corresponds to the expected peak near 400 nm. Spectra in
regions two through four represent the individual fluorescent proteins expressed by the
HUVEC’s. The spectral peaks of the in vitro experimental spectra correspond well with
their reference counterparts. A final spectrum within the lumen was extracted indicating

very low signal levels that appropriately correspond to background signal.
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Fig. 4.4. Emission spectra obtained from regions of interest within an image. The lumen
is expressing cyan, green and yellow fluorescent protein. Spectra are representative of 1.
Second harmonic generation. 2. Green fluorescent protein. 3. Yellow fluorescent protein.
4. Cyan fluorescent protein. 5. No signal in the lumen.

4.4 CONCLUDING REMARKS

The data clearly indicate broadband sub-10-fs pulses are capable of exciting multiple
fluorescent proteins simultaneously. Long term, time lapse imaging was demonstrated
with negligible damage to the tissue culture. Changes in cell morphology and location
can be seen through the time progression of images. Individual spectra for the expressed
fluorescent proteins can be obtained from a region of interest. These spectra compare
well to the reference spectra taken outside the tissue model. Our data indicate that
multiple fluorescent proteins can be excited simultaneously and discriminated spectrally
in the final image. This study motivates the future use of fluorophores or fluorescent
proteins to examine integrin and adhesion molecule expression of HUVEC’s as they
correspond to angiogenesis for better understanding of the underlying processes of cell-

matrix interaction in lumen growth. Furthermore, this work can be extended to myriad



56

of biological systems looking to investigate the progression and development of a

system over time.
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CHAPTER YV
OPTICAL FIBER DELIVERY OF SUB-10-FS PULSES

This chapter details the propagation of ultrashort pulses through optical fibers. Sec. 5.1
starts with a discussion on the confinement of light within an optical waveguide and a
discussion on different fiber types. Sec. 5.2 encompasses the selection of an appropriate
optical fiber for ultrashort pulse delivery and characterizes the propagation of ultrashort

pulses through optical fiber for use in NLOM.

5.1 CONFINEMENT OF LIGHT IN OPTICAL WAVEGUIDES

Optical fibers represent a class of structures capable of guiding light through a flexible
medium. This is in contrast to how light propagates in air where it must travel in a
straight line until its direction is changed by a scattering event or the beam of light
encounters an intense gravitational field. It was demonstrated in the mid 1800’s that
light could be guided through a curved stream of water or curved glass rod by total
internal reflection. The first guiding of light in an uncladded fiber wasn’t demonstrated
until the 1920’s with the first cladded optical fibers being developed in the 1950’s as
coherent image guides. It was not until the advent of the laser, however, that fiber optic
technology began to develop. The first single mode fiber was demonstrated in 1966. As
fiber losses began to be reduced with better manufacturing and design, nonlinear optical
processes were observed in the early 1970’s.

Step-index optical fibers are characterized by a high refractive index core surrounded
by a lower refractive index cladding that insures the confinement of light by total
internal reflection (TIR). The core and cladding are arranged concentrically and share
cylindrical symmetry illustrated in Fig. 5.1. The core diameter and ratio of refractive
indices define the confinement parameters of the optical fiber. TIR occurs at the
interface of two different dielectric media when the angle of incidence is greater than the

critical angle defined as
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6. =sin” (MJ (5.1)

n

where 7., 1 the lower refractive index material and 7., is the higher refractive index
material. The angle of acceptance (NA) for an optical fiber is dictated by the critical

angle and is given by
NA = nczore - nczlad (52)

meaning that rays incident at a higher angle will not be totally internally reflected and
are lost into the cladding. The number of modes supported by a fiber can found by using
the V-number

V= 27”611\54 (5.3)

where a is the core radius, A is the wavelength, and NA is defined by Equation 5.2. A
fiber is said to be single mode (TEM(, mode) for wavelengths whose V-number <2.405
which corresponds to the first zero for a zero order Bessel function of first kind and
contains a Gaussian mode profile. For a given core radius and NA of an optical fiber
being used, wavelengths which correspond to a V-number >2.405 propagate at higher
spatial mode orders. Single mode propagation is essential for stationary phase fronts
necessary to eliminate modal dispersion. Modal dispersion is the property of an optical
fiber where different modes propagate at different group velocities which can lead to
uncontrollable temporal broadening in ultrashort pulses. Fig. 5.2 shows the V-number
with respect to wavelength calculated for the fiber properties (¢=2.25um NA=0.13) used
in this work. The cutoff wavelengths for higher order modes are indicated with solid

lines. The intensity of the transverse modes are shown in the appropriate regions.
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A B
Fig 5.1. (A) Refractive index profile of a single mode optical fiber. The core (white) is
concentrically oriented to the cladding (blue). (B) Schematic representation of total

internal reflection. Incident light is bent towards the optical axis of the fiber and
reflected off the core/cladding interface at angles equal or greater to the critical angle.
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Fig. 5.2. Plot of wavelength vs. V-number. Vertical lines delineate mode cutoff regions.
Within the mode regions are the spatial intensity profiles of the supported fiber modes.

In practice, the core diameter of single mode fiber (SMF) is less important than the

guided mode field diameter (MFD). The MFD corresponds to the field diameter where
the intensity is reduced by 1/ e’ and is given as

w(2) = 2a(.65+ 1.619 . 2.879)

V3/2 V6 (54)
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Therefore, for maximum coupling efficiency of a Gaussian beam into a SMF the MFD
and NA of the focused beam must match those of the optical fiber.

The guided mode confined to the core of the optical fiber has two orthogonal
polarization vectors. Breaks in cylindrical symmetry and deviations in the circular shape
of the core cause these polarization vectors to couple with one another as a beam
propagates through the optical fiber. In order to prevent polarization mode coupling an
elliptisity can be placed in the core or a stress birefringence in one plane of the core to
prevent polarization mode coupling. In both cases the effective symmetry of the core is
broken. This confines a polarization mode coupled parallel or perpendicular to the
symmetry break to the aligned axis. Fiber designs for polarization maintaining fibers are

illustrated in Fig. 5.3.

00060

Fig. 5.3. Schematic representations of various polarization maintaining fiber designs. (A)
PANDA (B) Bow-tie (C) D-type (D) Elliptical core. The slow axis for all fibers is
oriented vertically with the page.

A new generation of optical fiber was introduced in the early 1990’s that allow for a
break in traditional optical fiber parameters. The first type, defined as microstructured
fibers (MF’s), have a pure silica glass core surrounded by an array of air holes within a
pure silica cladding. Total internal reflection remains the mechanism of confinement, as
the air holes reduce the effective refractive index of the cladding. Manipulation of the
air filling fraction, core diameter and core shape allows optical fiber designers to
manipulate dispersion, modal, nonlinear, and polarization properties of theses fibers.
Such designs have allowed the creation of optical fibers with the zero dispersion point

shifted to anywhere in the visible spectrum (zero dispersion of silica is ~1.3um), optical
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fibers with large core mode areas that maintain single mode operation across a spectrum
of several hundred nanometers, and highly nonlinear fibers with core diameters much
smaller than those possible with step-index designs. Additionally, MF’s can be
produced with a solid silica core surrounded by a holey cladding with few air holes of
lower effective refractive index surrounded by a second cladding with large air holes of
very low effective refractive index. This arrangement creates a “dual core” fiber which
can be advantageous in an all optical fiber NLOM. MF’s have lead to a renaissance in
nonlinear fiber optics.

In some fiber designs the air holes in the cladding can be arranged to form a two-
dimensional periodic array. Fibers designed in this manner are known as photonic
crystal fibers (PCF’s). A sub category of PCF’s have hollow air cores surrounded by a
photonic crystal cladding and are referred to as hollow-core photonic crystal fibers (HC-
PCF’s) or photonic bandgap fibers. In HC-PCF’s light is confined to the core by the
periodic variations of the refractive index in the photonic crystal cladding. These
periodic structures invoke a photonic bandgap effect identical in nature to the bandgap
between electronic energy levels. The periodic arrangement of airholes in the cladding
creates a crystalline structure with a defined set of allowed propagation frequencies. The
crystalline structure dictates that disallowed frequencies will be confined to a central
(core) defect. The reduced nonlinearity coefficient of the air core and zero dispersion
point being located in the middle of the bandgap has made this class of optical fiber
popular for ultrashort pulse transmission. Other nonlinear effects can be exploited by

filling the hollow core with a gas or liquid[106].

5.2 OPTICAL FIBER DELIVERY OF ULTRASHORT PULSES FOR
NONLINEAROPTICAL MICROSCOPY"

Nonlinear optical microscopy (NLOM) utilizing femtosecond laser pulses is a proven

*Reprinted with permission from A. M. Larson and A. T. Yeh, “Delivery of sub-10-fs pulses for
Nonlinear Optical Microscopy by Polarization-Maintaining Single Mode Optical Fiber,” Opt. Express 16,
14723-14730 (2008) ©Optical Society of America http://www.opticsinfobase.org/abstract.cfm?URI=oe-
16-19-14723
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tool for imaging living tissues[1]. However, further characterization of tissues in their
native environment requires miniaturization of bench top microscopy systems into
portable, optical fiber based imaging systems[29, 30]. Optical fiber pulse delivery
systems[31-34] provide a simple and efficient platform on which to develop
miniaturized microscopes[35-37] and microendoscopes[29, 38, 39] for tissue
interrogation without excision. A difficult challenge in developing these imaging
systems 1s preserving the temporal and spectral characteristics of femtosecond laser
pulses at the focal plane. The susceptibility of ~100 fs pulses, common in current
systems, to severe nonlinear broadening limits pulse energies delivered to the specimen
of tens of picojoules or requires complex optical systems to control. Here, we report the
optical fiber delivery of high energy (=1 nJ), dispersion minimized sub-10-fs pulses to
NLOM focus for imaging using simple dispersion compensation.

Femtosecond pulse propagation through single mode optical fiber (SMF) is governed
by the interplay of linear (dispersion) and nonlinear (i.e., self-phase modulation, SPM)

effects[107] arising within the core. Group velocity dispersion (GVD) will broaden the

2
pulse over a characteristic length (factor of 1.4 for Gaussian pulses) given by, L, =2,

5
18,

where T, and S, (40 ps*/km) are the laser (transform-limited) pulse duration and GVD

coefficient, respectively. It is estimated that Lp <3 mm in SMF for a sub-10-fs pulse.
Nonlinearities in SMF will similarly broaden the pulse by SPM over a nonlinear

interaction length, L,, = Lp, where P, and y (5 W'km™) are the input peak power and
bz

SMF nonlinearity coefficient, respectively. For 1 nJ pulse energy, significant pulse

broadening is estimated to occur within a few millimeters for a sub-10-fs pulse. The
ratio, L% ~ 1, indicates that nonlinear pulse propagation is mitigated by dispersion
'NL

mediated pulse broadening, and hence, peak intensity reduction, occurring on the same

length scale.



63

Fiber nonlinear effects have been minimized by either manipulating fiber properties
or pulse shaping methods. Large mode area fibers have been used to decrease, but not
eliminate, nonlinearity[31, 33, 108]. A novel high dispersion, few mode fiber has been
developed where the dispersion interaction length is sufficiently shorter than the
nonlinear interaction length allowing dispersion dominated pulse propagation for 150 fs
pulses at 1 nJ[109]. Reconstruction of 100 fs pulses following sequential propagation
through two SMFs has been demonstrated. Self-phase modulation in the first SMF
spectrally (and temporally) broadened the pulse. A negatively dispersive element
compensated for normal dispersion in both fibers and SPM of pulses with negative group
delay dispersion (GDD) in the second SMF narrowed the pulse spectrum resulting in
pulses of the same duration as the input[110]. Coherent pulse shaping methods[111,
112] relying on spatial light modulators have been used to compensate for nonlinear
pulse distortion, however, high system losses limit power within the fiber. Highly
chirped 50 fs pulses[113] have been delivered through short pieces of SMF at moderate
power levels, although, significant post fiber normal dispersion was required and
spectral narrowing was still observed.

Hollow-core photonic crystal fibers (HC-PCF’s) have allowed the distortion free
delivery of 100 fs pulses[52] propagating at and near the zero dispersion wavelength of
the fiber. The steep dispersion slope, limited bandgap (~60-80 nm), and zero dispersion
wavelength in the middle of the bandgap make these fibers unsuitable for broadband
pulse propagation. Additionally, 100 fs pulse systems relying on HC-PCF’s require
adjustment of dispersion compensation for each new central wavelength, which is
critical for fiber lengths longer than a few centimeters. This complicates the imaging of
samples labeled with multiple fluorophores that do not have well overlapping excitation
spectra.

A common method to deliver pulses with net-zero GDD to the focus of an optical
fiber based NLOM is to pre-compensate normal dispersion from the SMF and
downstream microscopy optics with negative GDD. Following the SMF, the remaining

negative GDD necessary to compensate dispersion of strong focusing optics is
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approximately 1,000 fs>. The peak intensity of 100 fs pulses having 1,000 fs*> GDD is
reduced by <4%, and is not sufficient to reduce fiber nonlinearity. This is consistent
with previous observations of nonlinear propagation of 100 fs pulses in optical fiber
causing spectral narrowing of the pulse and a corresponding increase in pulse duration
detrimental to efficient optical signal generation for NLOM. In contrast, this amount of
GDD reduces peak intensity of sub-10-fs pulses by a factor >25, suggesting dispersion
dominated propagation through SMF in microscopy applications.  The high
susceptibility of sub-10-fs pulses to dispersion will mitigate nonlinearity in optical fiber
delivery at pulse energies in excess of 1nJ without relying on expensive, exotic
waveguides or complex optical systems. Furthermore, the broad pulse spectrum of the
delivered ultrashort laser pulse may be used for multiple fluorophore excitation without
laser tuning and for efficient signal generation. Our system represents a significant
improvement over those previously reported in terms of simplicity and reduced cost

while increasing imaging efficiency and versatility.

5.2.1 PMF Delivery of Femtosecond Pulses

In our design, sub-10-fs pulses originating from a Ti:Al,O3 oscillator (Femtosource,
Femtolasers) were stretched to ~8.5 ps (~22,000 fs® negative GDD) using three pairs of
dispersion compensation mirrors (Femtolasers) before being coupled into ~400 mm of
bare PMF (PM780 HP, Nufern). Normal dispersion of the PMF temporally
recompressed the pulse to ~1.5 ps. The peak intensity of a 1 nJ pulse broadened to 1.5

ps in duration was not sufficient (LD ~.008) to produce nonlinear pulse broadening

LNL

within the PMF. Final recompression occurred while passing through the optics of the

NLOM (~4000 fs*) to deliver net zero GDD at the focal plane, schematically illustrated

in Fig. 5.4. An achromatic zero-order % wave plate was used to align the laser

polarization with an axis of the PMF. A near-infrared corrected achromat was used to

couple the pulses (2 nJ) into PMF with ~50% efficiency. Fiber length was limited by the
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amount of negative GDD imparted by the dispersion compensation mirrors and

throughput efficiency of the optical system.

T=12.7 fs

400 mm optical fiber
Fig. 5.4. Basic schematic diagram for optical fiber delivery sub-10-fs pulses.
Pulses were stretched using dispersion compensation mirrors (DCM). Polarization
was aligned to a fiber axis using a /2 waveplate (WP). Coupling lens (L1) focuses
the beam into the PMF and is collimated by lens (L2). Pulses were directed into the
microscope and signals were detected using photomultiplier tubes or a fiber coupled
spectrometer.

Pulse spectra preceding and following the PMF, shown in Fig. 5.5(A), were
measured by inserting a portable spectrometer (USB2000, Ocean Optics) into the beam
path following the fiber collimating lens. The post fiber spectrum exhibited a modulated
structure that most likely resulted from modal interference from the elliptical beam.
Signal generated in a GaAsP (two-photon) photodiode was measured with respect to
PMF laser input energy and exhibited a quadratic dependence indicating linear pulse
propagation through the fiber as shown in Fig. 5.5(B). The modulations in the pulse
spectrum remained with <60pJ coupled into the PMF. These same characteristics were

observed when using isotropic (non-polarization maintaining) SMF.
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Fig. 5.5. (A) Pulse spectra normalized to energy directly from the oscillator (blue) and
after propagation through PMF (red). (B) Logarithmic plot of measured photocurrent
from a GaAsP photodiode as a function of laser power into PMF (blue circles).
Quadratic fit to data points shown for reference (red line).

5.2.2 Femtosecond Pulse Characterization for Nonlinear Optical Microscopy

Pulse duration was measured by interferometric autocorrelation at the focal plane of the
NLOM imaging system. An interferometric autocorrelation of the pulse delivered
through PMF at the NLOM focal plane is shown in Fig. 5.6(A). The collimated beam
was directed through a Michelson interferometer with collinear beams steered to the
microscope passing through a 1.5X telescope and reflected off the primary dichroic
mirror (635dcspxruv3p, Chroma) to a Zeiss 40X Achroplan (0.8NA) water immersion
objective. The objective focused the beam through a water column onto a GaAsP
photodiode[88] with a 1 mm thick borosilicate window. Fine dispersion control was
provided by inserting BK7 glass windows (I mm thickness increments) into the beam

path after the fiber.
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Fig. 5.6. Interferometric autocorrelation of fiber (A) and air (B) delivered pulses taken

at the NLOM focal plane. Inset (A) Autocorrelation with long delays.

The measured pulse duration of 12.7 fs was calculated from the central peak FWHM
assuming a sech’ pulse shape. Oscillations at long delays of the autocorrelation were the
result of residual chirp and modulations in the post fiber pulse spectrum, see inset Fig.
5.6(A). The width of the central peak was identical to a previous measurement for this
objective[9], shown in Fig. 5.6(B), suggesting optimal dispersion management through

PMF. Estimates of /3, = 40 fs>/mm and f8; = 30 fs’/mm (third-order dispersion, TOD) for

PMF were based on our measurements and '% ~ (.75 for silica. TOD mismatch in
2

the fiber arose from TOD/GDD = 0.68 for our dispersion compensation mirrors.
Noticeably absent from the autocorrelation in Fig. 5.6(A) were side lobes resulting from
chromatic and spherical aberration of the objective lens as observed in Fig. 5.5(B)[9].
Side lobes were not present in Fig. 5.6(A) because the final beam diameter filled 35% of
the back focal aperture compared to 70% without the fiber to minimize beam clipping in
the interferometer. It should be noted that the effects of spherical aberration, chromatic
aberration and a radially dependent dispersion profile of the objective ultimately limit
the pulse duration at the sample. Minimizing these effects requires well corrected
objective lenses for good pulse maintenance making the now common practice of using
gradient index (GRIN) objectives for in-vivo nonlinear microscopic imaging

incompatible with laser pulses of such short duration.
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Imaging performance was measured by comparing two-photon excited fluorescence
(TPF) of three common biological fluorophores Indo-1 (Molecular Probes), FITC
(Sigma) and TRITC (Sigma), and image analysis of second harmonic generation (SHG)
in collagen from rat skin. Fluorescent dyes were dissolved in their appropriate solvents
to a concentration of 100 uM. TPF was generated by focusing laser pulses into
individual dye solutions using the 40X Achroplan objective and detected in the
backscattered direction by the focusing objective. Fluorescence signal was coupled,
non-descanned, into a multimode optical fiber connected to a spectrometer (SpectraPro
23001, Roper Scientific) shown in Fig. 5.4. Back scattered laser light was filtered using
3 mm BG-39 glass. Relative excitation efficiency was determined by comparing the
emission intensity from each dye excited with the laser delivered through air and by the
PMF. A longer focal length collimating lens for the fiber was used to ensure matched
objective NA.

Non-resonant two-photon excitation by femtosecond pulses can be understood by

examining the two-photon excitation power spectrum[70, 71],

IE(%+ Q))E(%—Q)dﬁ

where E(w) is the Fourier transform of electric field E£(¢) and Q is an iterative variable

2

T(w) = , (5.5)

that ensures integration over non-degenerate (sum frequency) and degenerate (second
harmonic) frequency combinations. Assuming transform limited pulses, calculated 7(w)
using the laser and post fiber spectrum are shown in Fig. 5.7(A). The probability of non-

resonant two-photon absorption is proportional to the overlap integral[72, 73],
o j )T (w)dw, (5.6)

where 6®(w) is the molecular two-photon absorption profile. ¢®(w) for the three dyes
was estimated by measuring TPF intensity as a function of central wavelength (two-
photon photoluminescence excitation spectrum) of a narrowband, 170 fs Ti:Al,O; laser
(Mira 900F, Coherent). It was assumed that o(w) of the dyes was directly proportional

with their two-photon photoluminescence excitation spectra and are shown in Fig.
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5.6(B). The laser 7T(w) is shown for reference and indicates that our broadband pulse

was well suited to excite the different fluorophores simultaneously.
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Fig 5.7. (A) Calculated T(w) of the laser (blue) and PMF pulse spectra (red). (B) Two-
photon photoluminescence excitation spectra for Indo-1 (diamond, cyan), FITC (circle,
green), and TRITC (triangle, orange), Calculated T(w) of the laser pulse shown for
reference (solid line, blue).

PMF, with respect to air, delivered pulses generated TPF from individual Indo-1,
FITC and TRITC solutions to within 43.7%, 42.2% and 36.0%, respectively. Using
Equation 5.6, it was calculated PMF delivered pulses should generate TPF signal within
10.4%, 10.1% and 13.5% for Indo-1, FITC and TRITC, respectively, compared to air
delivered pulses. The measured and calculated TPF comparisons were brought into
closer agreement by including residual chirp in the PMF delivered pulse of <30 fs* (~.8
mm fused silica) and 1,200 fs® (estimated TOD mismatch). This calculation does not
take into account focal volume differences from slightly different degrees of collimation
of the incident beams. All three dyes were combined and their simultaneous TPF
emission profiles are shown in Fig. 5.8 excited using PMF and air delivered pulses. TPF
emission spectra were normalized to the TRITC emission peak. The TPF spectra
indicate a disproportionate decrease in the high energy side of the PMF delivered two-

photon excitation power spectrum more than likely resulting from (additional) residual

chirp in the pulse.
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Fig. 5.8. Simultaneous excitation of Indo-1, FITC and TRITC using laser pulses

delivered through air (blue) and PMF (red).

NLOM images of rat skin using SHG in collagen are shown in Fig. 5.9 obtained with
air (A) and PMF delivered pulses (B and C). Skin was excised from recently sacrificed
6 week old Sprague-Dawley rats. NLOM images were acquired at 0.0625 Hz frame rate
and averaged over four frames from the dermal side at a depth of 15um. SHG signal is
collected in the backscattered direction and directed non-descanned onto a PMT depicted
in Fig. 5.4. A 430dcxru long pass dichroic mirror (Chroma) and HQ405/40 bandpass
filter (Chroma) are placed in front of the PMT. Intensity analysis was performed by
averaging pixel intensity over each set of images. The incident laser polarization
orientations are indicated by double-headed arrows. The images were from the same
focal plane and showed similar collagen morphology and resolution. Intensity analysis
of NLOM images indicated PMF delivered pulses were capable of generating second
harmonic signals to within a factor of 2 to 3. The measured polarization extinction ratio
of the laser following PMF was 170:1 compared to 500:1 for the oscillator. A dominant
uniaxial component of collagen second-order susceptibility has been measured aligned
along the fiber axis[114]. From Fig. 5.8(B) to (C), the incident polarization was rotated
90° to demonstrate spectroscopic contrast was maintained with PMF delivered pulses. It
was observed that fibers aligned along the incident polarization were preferentially

highlighted in the SHG images.
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Fig. 5.9. NLOM images of collagen fibers in rat skin using second harmonic generation
with air (A) and fiber (B-C) delivered pulses. Double headed arrows indicate direction
of incident laser polarization. Image depth is 15pum. Scale bar is 20 um.

5.3 CONCLUDING REMARKS

We have demonstrated sub-10-fs pulses can be delivered via 400 mm of PMF to the
focus of an NLOM system with minimal spectral and temporal distortion. Our data
suggest that longer PMF lengths can be used with proportional addition of dispersion
compensation (cf. Fig. 5.4(B)). Nonlinear optical signal generation, particularly TPF
and SHG, by PMF delivered pulses was shown to be within a factor of 2 to 3 of air
delivered pulses. The bandwidth of PMF delivered pulses was sufficiently wide to
excite multiple fluorophores simultaneously eliminating the need for central wavelength
tuning and concomitant adjustments in dispersion compensation.  Furthermore,
polarization was maintained providing an additional mechanism of image contrast for
optical fiber based NLOM. Our design provides a simple, efficient, and experimentally
flexible platform to develop miniaturized nonlinear microscopy and microendoscopy

imaging systems motivated by in vivo multi-molecular imaging studies in small animals.
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CHAPTER VI
CONCLUSIONS AND FUTURE WORK

This body of research focused on the development and characterization of an optical
fiber based multispectral NLOM. The novelty of the work lies in the use of sub-10-fs
pulses for nonlinear optical signal generation. Throughout this dissertation we have
shown that sub-10-fs pulses can be delivered to the focal plane of the NLOM with
minimal changes to the time-bandwidth product. The ability to deliver ultrashort pulses
allows for the simultaneous excitation of multiple fluorophores. This has been exploited
in a multispectral imaging application using an in-vivo angiogenesis model. We have
also demonstrated the ability to deliver ultrashort pulses through polarization-
maintaining single mode optical fiber. Data presented in this work can serve as the basis
for further development of an all optical fiber based NLOM for the interrogation of large
and intact specimen. Our results also indicate pulses of even shorter duration can be
used in NLOM.

The use of sub-10-fs pulses in NLOM requires characterizing the effects of the
optical system on the pulses. Temporal distortions imparted by the NLOM were
compensated using dispersion compensating (chirped) mirrors. Measurement of the
laser pulse width at the focal plane of the NLOM guarantees the reduction in phase
distortion imparted by the optical system and the pulse distortion imparted by aberration
in the optical system that can not be compensated. A biological sample (mouse tail
tendon) was used to measure laser pulse duration in an effort to evaluate the effects of
common tissue constituents (collagen) on nonlinear signal generation. The ability to
measure sub-13-fs pulse durations in mouse tail tendon at the focus of the NLOM
indicates the entire pulse spectrum is available to extracellular matrix constituents for
second harmonic generation and fluorescent probes in two-photon absorption.
Reconstruction of the pulse in the sample maximized nonlinear optical signals allowing

the collection of high signal to noise ratio images.
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In NLOM applications, the short pulse duration and broad spectral bandwidth of the
laser pulses emitted from our oscillator hold several advantages. Primarily, the
increased peak power of the pulse allows a reduction in average power applied to the
sample which limits thermal damage. Furthermore, the susceptibility of sub-10-fs pulses
to temporal broadening may limit out of focus fluorescence generated when using high
energy pulses for deep tissue imaging. This can improve the signal to noise ratio of the
images and may lead to an enhancement in the depth penetration ability of NLOM. The
reduction in temporal duration of a laser pulse necessarily leads to an increase in spectral
content. We have shown that the broad (~125 nm) bandwidth of sub-10-fs pulses can be
used to simultaneously excite multiple fluorescent probes without the need to tune the
laser and rescan the sample. In this work we have demonstrated the excitation of
fluorophores and fluorescent proteins whose absorption spectra are well separated.
Eliminating the need for laser tuning for efficient nonlinear signal generation in multiple
fluorescent probes further reduces the thermal and photodamage incurred while scanning
the sample multiple times.

The ability to generate signal from multiple endogenous and exogenous fluorescent
probes simultaneously requires the proper discrimination of the detected signals. To this
extent, multispectral imaging is invaluable. Spectral detection capabilities allow for the
pixel by pixel segmentation of all detected signal constituents. A full spectrum is
acquired for each pixel in the image which spatially segregates the contrast mechanisms.
Pixels in the image can then be displayed using their corresponding spectral content.
Multispectral imaging can open many new avenues for the investigation of cell-cell, cell-
extracellular matrix interactions and genetic profiling.

We have also demonstrated the ability to deliver sub-10-fs pulses to the NLOM via
400 mm of polarization-maintaining single mode optical fiber. Great efforts have been
made to eliminate the detrimental nonlinear effects that occur when focusing intense
femtosecond pulses into the narrow core of a single mode optical fiber. Nonlinear
effects have been overcome by relying on the high susceptibility of sub-10-fs pulses to

dispersion mediated pulse broadening. We have used dispersion compensating mirrors
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to impart negative group delay dispersion equal to the positive group delay dispersion of
the optical fiber, associated coupling optics and the NLOM. The residual chirp
remaining on the pulse at the fiber exit sufficiently reduces the peak power within the
optical fiber negating nonlinear effects. The limit on fiber length using our system is the
amount of negative dispersion that can be imparted on the pulse and the power losses
associated with beam steering and dispersion compensation. Our technique allows the
delivery of laser pulses of equal temporal duration through optical fiber or air to the
NLOM. Fiber delivered pulses are capable of generating detectable signals within a
factor of three of pulses delivered through air.

The delivery of sub-10-fs pulses via optical fiber is a necessary developmental step
in creating a NLOM with multiple degrees of freedom. A future imaging system will
have the ability to pivot around all three axes and not be designed around an upright or
inverted light microscope. This will allow for the interrogation of large and intact
specimen that can not fit on the stage of a conventional microscope. Optical fiber
transmission of excitation laser light and detected nonlinear signals removes translation
and realignment constraints imposed by a fixed beam path. Additionally, it is possible to
use laser pulses having shorter temporal duration than those used in this work with
dispersion compensating optics having sufficient bandwidth. The increased spectral
content of shorter duration pulses will benefit higher energy pulse delivery through the

optical fiber.
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