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ABSTRACT

Nonlinear microscopy benefits from broadband laser sources, enabling efficient excitation
of an array of fluorophores, for example. This work demonstrates broadening of a narrow
band input pulse (6 nm to 40 nm) centered at 1040 nm with excellent shot-to-shot stability.
In a preliminary demonstration, multiphoton imaging with pulses from the fiber is performed.

In particular second harmonic imaging of corn starch is performed.
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CHAPTER 1
INTRODUCTION

The development of photonic crystal fibers (PCFs) capable of generating super- contin-
uum (SC) broadband light useful in the excitation of multiple fluorophores is discussed in
this section. Multi- photon microscopy (MPM) is introduced in section 1.1, with an overview
of the historical development as well as conceptual understanding. Section 1.2 extends this
to a more complex system of differential multiphoton laser scanning microscopy (AMPLSM),
showing the abilities of MPM in image acquisition. Section 1.3 discusses fluorophores and
their use in biological imaging. Section 1.4 begins inquiry into the historical development of
the use of PCFs, both in use and theory. The final portion of the introduction address the
shot-to-shot stability and noise issues previously encountered when attempting to use PCFs
for similar applications. As a remedy to these problems, we present the use of a ultra high
numerical aperture (UHNA) optical fiber which can create a continuum capable of span-
ning a frequency range sufficient to excite common fluorophores in the 500-550 nm range
through two photon excitation (TPE). The use of this UHNA fiber corrects the problem of

shot-to-shot noise instabilities, leading to a more advantageous use in MPM.
1.1 Multiphoton Microscopy

Multi-photon microscopy (MPM) is a non-linear optical phenomena that is based on
molecular excitation by multi-photon absorption (MPA). It was first used in microscopy to
produce second harmonic generation (SHG) images of crystals by Hellwarth and Christiansen
in 1974, and by Sheppard and Kompfner in 1978 [1] [2]. It is commonly used for second
harmonic generation (SHG) or third harmonic generation (THG), in which two or three
photons are destroyed, and one photon with a wavelength of one-half or one-third the original
is created. Denk et. al. applied MPM to biological imaging for the first time in 1990 [3].

When being used for biological imaging, it commonly uses red-shifted excitation light in



which two photons are absorbed to excite the fluorescent dyes, referred to as two photon
excitation (TPE). The relaxation wavelength of the fluorophore, referred to as two photon
fluorescence (TPF), is then red-shifted from the virtual transition of the SHG wavelength,
by an amount called the Stokes parameter. In all instances of SHG, THG, and TPE, the
intermediate state between the absorption of one photon and the absorption of the next is
not a metastable state. Since there can be essentially no time delay between the arrival of the
two photons, these phenomena refer to simultaneous absorption, as opposed to sequential
absorption. Figure 1.1 shows the virtual transitions of SHG and THG, along with the real

transition of TPF. The Stokes parameter in this case is
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Figure 1.1: Energy state diagram. No energy is absorbed by the specimen for SHG and
THG, resulting in the SHG frequency being twice that of the incoming frequency, and the
THG frequency being three times that of the incoming frequency. For TPF, a fluorophore
in the specimen absorbs two photons to raise it to an excited state. It then fluoresces to the
ground state at a wavelength more than half of the incident wavelength.

With the development of laser scanning microscopy (LSM) in 1969 by Davidovits and
Egger, the amount of time required to obtain an image from a sample was greatly reduced.
Because excitation is dependent on a power of the intensity, the advantage over conven-

tional fluorescence microscopy is that the fluorescence from out-of-focus elements is reduced



without use of a confocal spatial filter. To optimize use for biological imaging, two condi-
tions should be met: single photon absorption (1PA) should be minimized so that heating
and photodamage is reduced, and peak intensity should be maximized, since the transition
probability for TPA depends on the square of the intensity. Therefore, the optimal use for
biological imaging at a given power is to use short, intense pulses with a small duty cycle.
The development of mode-locked lasers that are capable of generating pulses shorter than a
picosecond with high repetition rates have increased the usefulness of MPM techniques.

Despite the prediction of MPM in 1931 by Goeppert-Mayer, it took until the invention
of the laser in 1960 for it to be experimentally confirmed [5] [6]. The first experimental
observation of a two-photon excitation was in 1961 by Kaiser and Garrett, with the ob-
servation of three-photon excitation following soon after in 1964 by Singh and Bradley [7]
[8]. Many spectroscopic studies soon followed to explore the different quantum-mechanical
selection rules that apply to TPE [9] [10] [11] [12] [13]. They showed that for isolated atoms
a transition allowed for 1PA would be strictly forbidden for TPA and vice versa. However,
due to their reduced symmetry and the effect of molecular vibrations, strict parity selection
rules do not usually hold for complex dye molecules [14].

In this experiment, SHG of corn starch is exploited. The starch granule is commonly used
because of its ability to produce a strong SHG signal due to its lack of centro-symmetry.
This lack of symmetry is caused by its orderly nanolayers of amylopectin side-chain clusters
within the crystalline lamellae forming a biophotonic structure. These amylopectin side
chains are interleaved with more amorphous lamellae consisting of the amylopectin branching
regions. As seen in Figure 1.2, these crystalline lamellae organize into spherical blocklets
and large concentric growth rings, and exhibit highly birefringent structure [15]. The large
SHG activity may also be seen as a collection of 3D photonic bandgap crystals, capable of
producing SHG by meeting the non-collinear phase matching condition. This 3D nonlinear
photonic bandgap crystal behavior arises from larger structures of crystalline hard shells and

semi-crystalline soft shells with spatially-modulated nonlinear properties [16].



Figure 1.2: Polarization microscopy of corn starch granules. The image was taken with an
oblique-illuminated microscope equipped with cross-polarizer. Dimensions are approximately
1 g mx1pm. Image taken from [17].

1.2 Differential Multiphoton Laser Scanning Microscopy (dMPLSM)

Laser scanning microscopy was developed in 1978 by Cremer and Cremer to allow for
greater depth of focus of an image by using point-to-point scanning [94]. The additional use
of multi-photon microscopy by Denk et. al. in 1990 led to the development of multifocal
multiphoton laser scanning microscopy (mfMPLSM) by Brewersdorf in 1998 [3] [95]. This
technique of separating a single excitation focus into several foci allows for high speed image
acquisition because the area each focus must scan is decreased. However, a large restriction
on mfMPLSM is the requirement of imaging detectors to map the nonlinear signal generated
by each focus [96]. This usually results in scattering imaging points interfering with each
other, leading to a reduction in resolution.

A solution to this was proposed by Field et. al. to use a PMT to measure the nonlinear
signal generated by each focus inside the sample [93]. This differential multiphoton laser

scanning microscopy (dMPLSM) setup required optical multiplexing and electronic demul-



tiplexing to allow for greater resolution imaging when compared to mfMPLSM, as shown in

Figure 1.3.
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Figure 1.3: Optical demultiplexing used for the dMPLSM system. Two collinear beams
generate orthogonally polarized foci in the sample plane, while optical delay is introduced
by path length modulation with use of a polarizing beam splitter (PBS) for interlacing of
pulse trains. Image taken from [93].

Each beam is spatially separated, allowing for multiple modalities to be generated with
each shot. The result is a set of simultaneous images that highlight the differences resulting
from varied excitation parameters. In this process, two planes were imaged simultaneously.
This could be expanded to decrease the scan time, as in MPLSM, simultaneous imaging of
up to six planes has been demonstrated [97] [98]. To increase the usefulness of this technique,
multiple fluorophores can be used to tag different features of interest within the cell. Field
et. al. attempted use of a PCF to generate the bandwidth required to excite these multiple

fluorophores. In order to exploit the advantages of AMPLSM, we increase the shot-to-shot



stability by use of a ultra high numerical aperture (UHNA) optical fiber, compared to the

experiment by Field et. al. [93].
1.3 Fluorescent Imaging

A fluorophore is a chemical compound that absorbs light of a certain wavelength, and
re-emits light of a longer wavelength, with the difference between wavelengths being referred
to as the Stokes shift. With the exception of the potential application of quantum dots as
fluorophores, current improvement in fluorophores is sparse [18] [19] [20]. Absorption spectra
for various fluorophores for wavelengths between 300 and 700 nanometers are given in Figure
1.4. Multi-photon microscopy (MPM) has not commonly been used for biological imaging
below 300 nm because of the potential for photodamage at high energies [21] [22] [23] [24]
[25] [26].
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Figure 1.4: Absorption spectra from left to right of Hoechst 33342+DNA, and fluorescein,
CY3, TRITC, lissamine rhodamine B, Texas Red, and CY5 conjugated to antibodies. Ex-
tinction coeflicients are given on a per-dye basis. Image taken from [17].



Ytterbium-doped potassium gadolinium tungstate (Yb:KGW) lases at a primary wave-
length of 1040 nm, which takes advantage of the dip in the absorption spectrum of water
at that wavelength, in order to minimize scattering in biological samples [26]. Making this
a supercontinuum broadband laser source from non-linear optical processes, it would have
the ability to excite multiple fluorophores simultaneously with TPE, allowing for marking of
different points of interest within biological samples according to fluorophore. This imaging
could allow differentiation of molecules within the sample as well as depth imaging with
rejection of out of focus elements.

For fluorophores with a known single-photon spectrum, some TPE usually occurs at twice
the frequency of the frequency at which one photon excitation (1PE) occurs, that is to say,
they both lead to the same fluorescence wavelength [27]. States that are inaccessible to 1PE
because of their slightly higher energy and lack of wave-function overlap with the ground
state can sometimes be reached with TPE through intermediate virtual states that overlap
with both the initial and the final state [9] [28] [29]. This results in two photon spectra
that are generally broader than single-photon spectra. In addition, if any additional features
appear on the TPEF spectrum, it is always on the short wavelength side of the spectrum, in
comparison to the one photon excitation fluorescence (1PEF) spectrum. This is because of
the cutoff wavelength required to excite the fluorophore. Since the two-photon excitation is
dependent on the two-photon cross-section quadratically, strongly absorbing single-photon
fluorophores are often very strongly absorbing two-photon fluorophers, and weakly absorbing

single-photon fluorophores tend to be very weakly absorbing two-photon fluorophores.

1.4 History of the use of Photonic Crystal Fibers (PCF's) used for this appli-
cation

Photonic crystal fibers (PCFs) have been historically used to increase the frequency
spectra due to their large bandwidth spread. In this section, we look at the detail of these

fibers.



Conventional optical fibers operate through total internal reflection, in which the core
and the surrounding air hole region (cladding) have differing indices of refraction. Guidance
occurs at the boundary between the two concentric glass cylinders, at which the difference
in refractive index is on the order of 0.1%. Characteristics of this type of propagation have
been closely studied [30]. PCFs are different from conventional optical fibers in that they are
composed of regularly repeating alternating regions of high and low dielectric constant that
affect the propagation of electromagnetic waves in the same way as the periodic potential
in a semiconductor crystal affects the electron motion by defining allowed and forbidden
electronic energy bands. This concept of guidance was first suggested by Kaiser and Astle
in 1974 [31]. The term photonic crystal fiber was coined by Russell in an idea to confine and
guide white light through optical fiber using a periodic array of microscopy air holes that
run along the entire fiber length [32]. This was first realized by Knight et. al. in 1996, which
then lead to a large amount of interest and experimentation in PCFs [33].

There are two types of PCFs: hollow core PCF's and solid core PCFs. Hollow core PCF's
have shown potential for use in lossless and distortion-free transmission, particle trapping,
optical sensing, and various other nonlinear optical applications [34] [35] [36] [37]. However,
hollow core PCFs do not create very broad spectral bandwidth, and hence supercontinuum.
Supercontinuum (SC) generation is a process by which essentially monochromatic laser light
is converted to a very broad spectral bandwidth, while generally maintaining high spatial
coherence. In dispersive PCFs, dispersion plays a role in expanding the spectrum on all
pulses. In nanosecond and picosecond pulses in PCF's, SC generation is mainly achieved by
Raman scattering and four-wave mixing. In femtosecond pulses, SC generation is mainly
achieved through self-phase modulation (SPM). We will then focus on solid core PCFs which
are used in SC generation experiments, and in this experiment.

A solid core PCF consists of a uniform refractive index material in which a microstruc-
ture lattice of air holes is embedded that runs along the fiber length, as shown in Figure

1.5. The removal of an air hole in the center introduces a defect associated with a locally



elevated refractive index, and guided wave propagation within this elevated index region
occurs through total internal reflection. If the microstructure of the PCF exhibits perfect
rotational symmetry, the SC generation has no sensitivity to input polarization. However, if
any asymmetries are introduced in the microstructure fabrication, the fiber can show resid-
ual birefringence and polarization-maintaining behavior [59]. This is expanded on in the

birefringence section.
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Figure 1.5: Photonic crystal fiber structure. (a) Electron micrograph of the PCF used in SC
generation. (b) Detail of central microstructure and (c) ideal hexagonal structure. Image
taken from [41].




Chromatic dispersion of the fundamental mode determines the phase velocity of the

various wavelengths within the pulse. The phase velocity is defined as
v, = w/p(w) (1.2)

where w is angular frequency and § is the wavenumber. This can be expanded in a Taylor

series about the central pulse frequency wy as
Blw) = Blwo) + Br(wo) + (1/2)Ba(wo)Q2* + (1/6)83(wo)2° + ... (1.3)

where 2 = w — wg and

&3

dwk

Br(wo) = - lwo (1.4)

The physical interpretation of the first term is simply the refractive index of the medium
of propagation, while the second term is the inverse of the group velocity of the pulse. The
third term, f35, is the group delay dispersion (GDD), which is commonly referred to through
the GDD parameter given as:

2me
D= —v@ (1.5)

Solid core PCFs have a region of solid glass surrounded by an array of air holes running
along its length, which provides for a difference in the index of refraction which is enough to
cause guidance through modified total internal reflection [38]. Because of the ability given
to determine the hole diameter and periodicity of the structure, properties of the PCF can
be changed in order to accommodate certain uses. Most importantly, the zero dispersion
wavelength (ZDW) can be dialed to a desired value in order to create a symmetric spectrum
from the fiber [39].

The ZDW is the wavelength at which the group delay dispersion (GDD) and hence the
GVD is zero. The intrinsic ZDW of silica used in conventional optical fiber is 1.3 ym. The
manipulation of the ZDW, with the added effects of SPM allow for great manipulation over
the outgoing spectrum. The ZDW can be tuned by adjusting the core diameter, controlling

the amount of guiding contribution to the phase. It was noted by Broderick et. al. in 1999

10



that changing the hole diameter also reduces the effective area of the propagating mode
in this type of fiber, leading to enhanced Kerr nonlinearity and hence greater bandwidth
expansion by SPM [40]. This was demonstrated by Ranka et. al. in 2000 by generating a
SC spanning over an octave from 400 to 1500 nm with a ZDW around 765-775 nm, and soon
after by Wadsworth et. al. with a ZDW at 850 nm [41] [42]. An advantage over bulk SC
generation was that the wavelength components did not create filamentation, and retained
a uniform spatial profile through propagation.

The mechanisms of nanosecond and picosecond SC generation through PCF was soon
discovered with the works of Provino et. al. and Coen et. al. in 2001 [43] [44]. Provino et.
al. used 0.8 ns pulse duration for SC generation, based on the parametric gain calculations
of cascaded Raman scattering and four-wave mixing. Coen et. al. showed the first use of a
generalized non-linear Schrodinger equation (NLSE) including higher-order dispersion and
Raman scattering to model the SC generation using pulses 60 ps in duration.

For femtosecond pulses, using a similar approach to Coen et. al., Liu et. al. used an
extended NLSE limited to cubic dispersion terms to model simulations of SC generation
in good agreement with experiment [45]. Washburn et. al. also created a femtosecond
model focusing on Raman solitons generated during the SC generation process, which also
agreed well with experiment [46]. Husakou and Herrmann were the first to create a numerical
model of femtosecond SC generation in PCFs that included soliton fission in 2001 [47]. Their
calculations failed to incorporate Raman scattering and did not agree well with experiment
48].

Further simulation and experiment in the following years expanded in further detail
the interplay of mechanics involved, but the basic groundwork was in place by 2002. The
consensus was that soliton fission and Raman self-frequency shift was responsible for the long-
wavelength components of the SC, while the short-wavelength components were accounted

for by dispersive wave generation.
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The utilization of SC generation from PCFs for imaging was first exploited by Hartl
et. al. in 2001 for use in optical coherence tomography (OCT) [79]. The broad spectrum
generated from the PCF allows ultrahigh resolution in OCT, leading to further experiments
[80] [81] [82] [83]. In addition, coherent anti-Stokes Raman scattering spectroscopy (CARS)
has been a useful application for SC generation, where Andresen et. al., demonstrated a
spectral resolution improvement of over one order of magnitude better than a transform-
limited spectrally compressed pulse [84]. Photonic crystal fiber (PCF) SC generation for
CARS has been used for further optical imaging [85] [86] [87].

With respect to fluorescent microscopy, McConnell first used PCF SC in confocal fluo-
rescent microscopy in 2004 to be able to excite multiple fluorophore labels for imaging [88].
Further experiments have expanded use to MPM, and demonstrated the usefulness in PCF
SC generation for application in MPLSM, and dMPLSM [89] [90] [91] [92]. Using the same
laser oscillator used in this experiment, Field et. al. were able to generate SHG from 380

nm to 600 nm in corn starch molecules [93].
1.4.1 Modality

A certain type of PCFs have been shown to have the ability to propagate endlessly in a
single mode, suppressing all higher-order mode behavior [38]. These PCF's have relatively
small air-fill fraction and large core areas when compared with other solid core PCF's. This
single mode PCF is not used in SC generation because the small air-fill fraction leads to
weak confinement of the mode and nonlinear effects are reduced. Therefore, the PCFs used
in SC generation have high air-fill fraction and smaller core areas compared to single mode
PCFs. As a result, SC PCFs can exhibit multimode behavior, although to generate higher
modes in high air-fill fraction solid core fiber requires high power pumping conditions [58].
The reason SC PCF's require high pumping energy to show multimode behavior is that there
is a strong wave-vector mismatch between the fundamental and higher-order modes in the

fiber.
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1.4.2 Birefringence

Imperfections in the rotational symmetry of the fabrication of PCF's results in birefrin-
gence and polarization-maintaining behavior. Early construction of PCFs aimed at avoiding
imperfections in the core of the microstructure, but after understanding their origin, some
experiments have aimed at inducing birefringence in PCFs [60] [61].

In order to maximize the SC generation, the seed beam should be input along the prin-
cipal polarization axis. This allows for the largest nonlinear index of refraction to affect
the propagation of the beam. Supercontinuum (SC) generation through birefringent fiber
exhibits polarization-maintaining behavior, where all frequency components of the output
have the same polarization state as the pump. The fast and slow eigen-axes of the PCF act
linearly independent of each other, with each SC spectra able to be obtained in terms of
soliton and dispersive-wave dynamics, and different dispersion characteristics for each axis.
It was shown by Lehtonen et. al. that the output state halfway between the two eigen-axes
results from the linear superposition of the SC obtained independently on the two axes with
half of the total input power on each [62]. The walkoff distance induced between the fre-
quency components of each eigen-axis is small due within the short distance of propagation

through the fiber leading to the linear independence of the axes [63].
1.5 The problem with these fibers for use with long pulse lasers like Yb:KGW

Of significant interest to this research is the evolution of the investigation of the SC
intensity and phase stability properties. In 2000, it was first noticed in frequency metrology
experiments where optical clockworks were interfered with by broadband noise at radio
frequencies, this instability was further investigated and observed to be beyond the frequency
roll-off of any laser technical noise [49] [50] [51]. In 2002, Gui et. al. demonstrated the origin
of this noise is large shot-to-shot fluctuations of the SC generation [52]. The results from
this numerical calculation of SC generation from a 800 nm seed pulse in PCF a FWHM A

7 = 30 fs at 10 kW peak power show the shot-to-shot instabilities common in spectral and
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temporal intensity, as shown in Figure 1.6 [52]. Figure 1.7 shows the experimental shot-to-
shot instabilities observed in cross-correlation frequency resolved optical gating (XFROG)
measurements [52]. It was shown by Dudley and Coen, and by Gaeta that these spectral
and temporal structures showed high sensitivity to input pulse noise [53] [54]. By comparing
simulations of decoherence with and without Raman gain, they showed that the cause of
coherence degradation is primarily due to input shot noise and not spontaneous Raman
scattering. In an average over many shots, this shot-to-shot variation could wash out the

spectral fine structure and degrade spectral coherence.

(a) Spectral Evolution (b) Temporal Evolution
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Figure 1.6: (a) Spectral and (b) temporal SC evolution of injected 10 kW peak power 30 fs
input pulse at 800 nm in PCF. Image taken from [52].

In 2003, Corwin et. al. embarked on a detailed experimental and numerical study into
the SC intensity noise characteristics [64]. They found that the median relative intensity

noise (RIN) increased with input pulse chirp and duration and attained its minimum value
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Figure 1.7: Measured and retrieved XFROG traces with the structure of the measured trace
correlated with the retrieved intensity and spectrum. Image taken from [52].
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when the input pulses were transform-limited around 22 fs in duration. This was confirmed
by later experiments as well [65] [66]. In order to better observe the dependence on in-
tensity modulation input to a PCF for SC generation, and acousto-optic modulator was
used by Haverkamp and Telle [67]. They were able to extract an effective complex intensity
modulation transfer function by characterizing the SC output as a function of intensity and
wavelength.

To find the mutual degree of coherence, Gui et. al. input pulses into two separate PCF's
and observed the wave pattern from interferometric measurement [68]. The input pulses
were at 800 nm, and the ZDW of the PCF was at 760 nm. The average coherence integrated
over the SC spectrum was relatively low, attributed to technical noise and different pulse
energies for each segment. A similar experiment was carried out by Lu and Knox in 2004,
using input wavelengths over the range of 780-920 nm through a PCF with a ZDW of 820
nm [69]. Clear degradation in SC coherence was measured as the pump wavelength was
tuned into different GVD regimes. Later experiments, along with numerical simulations, led
to characterization of coherence, further explained in the theory section [70] [71]. Coherent
SC generation can be realized by pumping the PCF in the normal GVD regime, but the
downside to the coherent SC is that the spectral width is much smaller due to rapid initial
temporal spreading of the pump pulses.

Shot-to-shot stability and coherence properties also played a role in possible ways to
generate ultra-short pulses on the order of individual femtosecond pulse widths, which gained
interest through compression of these SC, because of the large bandwidths. This was first
suggested by Husakou and Herrmann in 2001, but early experiments were limited to pulse
widths of only 20-25 fs [47] [72] [73] [74]. The reason for this was pointed out by Dudley
and Coen in showing that the generation of a SC that was compressible was equivalent to
the generation of one that was coherent [75]. In other words, the amount of compression
was limited by the coherence of the SC [76]. To compensate for the shot-to-shot instability,

use of adaptive phase compensation through a spatial light modulator-based pulse shaper
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technology was incorporated by Schenkel et. al. in 2004 to reach pulse lengths of 5.5 fs [77].
This pulse width was then reduced further to 4.8 fs by Adachi et. al. in 2005 by carrying
out filtering and selective compression only over the fraction of the SC spectral bandwidth
with the highest coherence [78].

The problems of modulation instability from shot-to-shot noise are solved in this exper-
iment by using a ultra high numerical aperture (UHNA) optical fiber for generation of the
continuum. This allows use of one laser to generate the wavelengths necessary to excite
multiple fluorophores within a sample, reducing the complexity and difficulty of having to
use multiple lasers through a microscope on one sample. In addition, by separating the beam
through different filters and lengths, multiple pieces of data can be obtained through one

shot of the laser, reducing scan time and allowing for more information to be obtained.
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CHAPTER 2
THEORY

The theory section begins with defining the advantage of MPM in imaging, and then
moves to the theoretical description of the noise issues in section 2.2. Numerical calculations
begin in section 2.3 with simulations of self-phase modulation (SPM) without dispersion,
and section 2.4 covers simulations of dispersion without SPM. We then finish the theory

section with numerically combining SPM and dispersion in section 2.5.
2.1 Two Photon Excitation Fluorescence(TPEF)

The probability p, that a fluorophore at the center of the focus absorbs a photon pair
during a single pulse is given by:

N A?
2mhe)

2 -1
Pa=0< P> F

)% (2.1)
where ¢ is the two-photon cross-section, < P > is the average power, F}, is the repetition
frequency, A is the wavelength, c is the speed of light in a vacuum, % is the Planck quantum
of action, ¢ is the advantage factor, and NA is the numerical aperture [3]. This is only an
appropriate approximation for values of p, that are much less than unity. This is because the
molecule does not have enough time to fluoresce and re-absorb within the same femtosecond
pulse. When the probability to absorb a photon pair approaches one, saturation effects begin
to occur. Because TPA is dependent on the power squared, while undesirable 1PA effects are
dependent on the average power, the two-photon advantage factor is defined as the average
square of the power over the average power squared. This is calculated as:
<P*>  (ti—t) [;? PX(t)dt
<P (PP

3 (2.2)

For a Gaussian pulse with a width 7, (time between the half-power points) the advantage

factor is € &~ (F, 7,)-10.664, and for a hyperbolic-secant shaped pulse, the advantage factor
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is ¢ ~ (F, 7,)-10.558 [17]. This advantage for n-photon excitation is proportional to the
inverse excitation duty cycle to the n=! power. Therefore, a 100 MHz repetition rate using
100 fs pulses leads to a 100,000-fold improvement over CW (continuous wave) TPA.
Assuming a uniform fluorophore and taking into account that the beam cross-section at
the surface varies as 22, we find that the signal-to-background ratio of TPEF is given by:

2m(NA)? 22 _2

SBR == " )\—lse ls (23)

where NA is the numerical aperture, n is the index of refraction, and A is the wavelength
[55]. This high localization of excitation leads to high depth resolution and rejection of
out-of-focus elements, as the electric field at out of focus points is dependent on the NA. An

example of TPEF and intensity is given in Figure 2.1.
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Figure 2.1: Fluorescence intensity generated in a uniformly labeled fluorescent block speci-
men as a function of laser power input into the microscope objective. The filled circles are
the measured points and the continuous line is a second-order polynomial fit through the
data, illustrating the quadratic dependence expected in two-photon fluorescence excitation.
Image taken from [56].
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2.2 Conventional Characterization of Decoherence

It was shown in Nakazawa et. al. in 1998 that modulation instability in conventional
fibers can amplify low level noise at the input which can result in large fluctuation in the
amplitude and duration of subsequently generated fundamental solitons [99]. In PCF's, spon-
taneous emission is not usually the source of the noise seed, instead the pump laser shot noise
causes such fluctuations. These fluctuations are then converted into wavelength fluctuations
through the solition self-frequency shift, which in turn leads to significant temporal jitter
through the effect of chromatic dispersion. Noise effects are exaggerated in PCFs compared
to conventional fibers because of the high nonlinearity induced. Kubota et. al showed
that the coherence of the pump beam can be maintained by using a dispersion-decreasing
fiber and the adiabatic soliton compression of N>1 fundamental solitons, or by pumping at
a wavelength significantly below the ZDW, so that modulation instability does not occur
[100]. Another solution to avoiding SC decoherence was proposed by Nowak et. al. to
shorten the fiber length so that the pump pulses only propagate over a fraction of a soliton
period in such a way that the spectral broadening process is interrupted when the soliton
has maximum bandwidth before fission can happen [101]. This distance is referred to as the
fission distance Ly;ss ~ Lp/N, where Lp is the length of the fiber, and N is the order of the
soliton.

Because modulation instability scales with the length of the pulse, coherence degradation
is larger with longer pulse lengths. In addition, at constant peak power, high-order solitons
of shorter duration reach their fission distance faster resulting in less spatial dechoerence.
The spectral extent of shorter pulses overlaps with the frequencies of maximum modulation
instability gain before significant amplification of noise background has occurred, leading to
more deterministic behavior. These results are shown in Figure 2.2.

The emergence of modulation instability seeded by noise is only an appreciable effect in
the case that soliton fission does not occur first. Therefore, a dependence on wavelength

can also be found since the decreased value of dispersion at shorter wavelengths results in
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Figure 2.2: Evolution along the fiber length of the spectrum of one particular simulation
(left) and of the corresponding degree of coherence (right) for supercontinuum generation

obtained with 10 kW peak power pulses of (a) 100 and (b) 150 fs duration at a 835 nm pump
wavelength. Image taken from [53].
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an increase in the characteristic fission length, suppressing the amplification of modulation
instability. The gain length parameter for modulation instability is proportional to nonlinear
length only, and therefore does not change significantly with frequency [102]. The wavelength

dependence of SC generation coherence characteristics from PCF is shown in Figure 2.3.
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Figure 2.3: Wavelength dependence of coherence characteristics. (a) Dependence of the
average coherence on pump wavelength (left axis) for SC obtained with 150 fs pulses of 4
kW peak power for 10 cm of PCF. Right axis shows the corresponding -20 dB SC spectral
width. (b) Average coherence shown in a density plot representation as a function of both
pump wavelength and pump pulse duration for a fixed peak power of 4 kW. The dashed line
indicates the position of the ZDW. Image taken from [53].

2.3 Self-phase Modulation (SPM)

Self-phase modulation is a nonlinear optical phenomenon in which a laser beam propa-
gating in a medium interacts with the medium to induce a phase modulation on the beam.
The effect of SPM on a variety of experiments was quickly discovered after the discovery of
the laser [103] [104] [105] [106] [107] [108] [109]. Due to the nonlinearity of the medium, the

intensity of the beam creates a field strong enough to cause a change in the index of refraction
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of the medium. The reaction of the medium then induces a phase change on the incoming
beam, resulting in SPM. Because the transverse intensity is not uniform, the wave front will
be diffracted due to various degrees of SPM across the transverse face of the beam. This
apparent self-diffraction from the spatial SPM gives rise to the nonlinear optical phenomena
of self-focusing and self-defocusing [110] [111]. In pulsed lasers, the change in the temporal
intensity leads to a SPM in time. Because the time derivative of the phase of a wave is the
angular frequency of the wave, SPM can also be seen as a frequency modulation causing
spectral broadening [105] [108] [112]. In order to maximize temporal SPM, we should choose
a pulsed laser with a dynamic temporal profile. For a dynamic temporal profile, we look for
a short laser pulse with high peak power, as this causes the greatest SPM.

Simple application of SPM considering only the lower-order effect was formulated early by
on in parallel by Shimizu and Gustafson et. al. [108, 112] [108] [112]. Self-phase modulation
(SPM) theory including higher-order contributions is not very theoretically complex, as long
as dispersive effects of the optical material can be neglected, as shown in the mid-1980s
[113] [114] [115]. Including dispersion greatly complicates things, and numerical solutions

are generally applied.
2.3.1 Physical causes of SPM

A perturbative expansion in terms of the applied field is presented here as the nonlocal

response is neglected. The induced polarization in a medium can be expressed as [116]:

P(t) = PO(t) + PO (1) + PO (¢) 4 ... (2.4)

PW(t) = /X(l)(t—t’)E(t’)dt’ (2.5)

— [ @B s (2.6

P"(t) = /X(”)(t—tl,...,t—tn) CE(ty)...E(t,)dt,...dt, (2.7)

= /X(")(w =w +wy+ ... twy): E(w)..E(w,)dw;...dw, (2.8)
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where the applied field is

E(t) = /E(w)e_mdw (2.9)

with
E(w) o exp(—iwt) (2.10)
and the n-th order susceptibility is
XM=ty .t —t,) = /X(”)(u} = w1 + ... +wy)expliw (t — t;) (2.11)
+ooo A+ dwy (t — t,)]dws ...dw,, (2.12)

For a set of monochromatic applied fields we have
P™ =y (w=w +..+wy) : E(w)...E(w,) (2.13)
For an instantaneous response corresponding to a dispersionless medium,
P — ) [B(1)]" (2.14)

It is the third-order nonlinearity that gives rise to the change in refractive index, in
which we only consider the self-induced refractive index change. Assuming a pulsed quasi-

monochromatic field,
E,(t) = £(t)exp(—iwt) (2.15)

the third-order nonlinear polarization in a medium takes the form

PO (t) = /Ax(t — B, (t)dt (2.16)
with
Ax(t—t) = / XO @ =t t— 1"t —t") : Ey(t")Ex, (t")dt"dt" (2.17)

If the optical field is sufficiently far from resonances that the traverse excitations are all

virtual and can be considered as instantaneous,

PO (1) = Ay(t)Eu(t) (2.18)

w
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B(t) = [ Xt~ #) (Bt Pt (2.19)
In the dispersionless limit, the latter becomes
Ax(t) = x| EL (1) (2.20)

This is a reasonable approximation when the dispersion of A x is negligible within the

bandwidth of the field. The optical-field-induced refractive index can be defined as
An = (27 /ng)Ax (2.21)
where ng is the average linear refractive index of the medium. With
An = ny|E,|? (2.22)
we obtain
ny = (21 /ng)x® (2.23)

The electronic distribution in a medium can be distorted in such a way as to induce a
refractive index change. Due to the field mixing with electronic wave functions shifting energy
levels and redistributing populations, resonant enhancement occurs when the frequency of
the beam is around an absorption band of the medium. This effect can be limited by the
relaxation time for the population to readjust itself, as saturation in population redistribution
can limit nonlinear effects. Despite this restriction, the response time for the electronic
contribution is shorter than the molecular contributions to nonlinearity. For the sake of
calculation, electronic resonance effects are ignored.

Vibrational frequencies, rotational frequencies, and molecular reorientation can also con-
tribute the nonlinear index of refraction, but have a response time too slow to be of interest
to femtosecond pulses. Highly anisotropic molecules contribute highly to the nonlinear in-
dex of refraction through stimulation of rotation frequencies. Like in the case of electronic
distribution, if the beam frequency is near any resonance, the nonlinearity of the refractive

index will greatly increase.
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Electrostriction is a property of all dielectric materials, and is caused by the presence of
randomly-aligned electrical domains within the material. When an electric field is applied
to the dielectric, the opposite sides of the domains become differently charged and attract
each other, reducing material thickness in the direction of the applied field, and increasing
thickness in the orthogonal directions. This causes in increase in the density of the medium
in that region as the molecules react to minimize the free energy of the system. The resulting
strain is proportional to the square of the polarization. Because of the high magnitude of this
nonlinearity compared to other causes and short response time (~ 10716 s), this is the main
mechanism of induced nonlinear refractive index change in this experiment, as resonances

are ignored.
2.3.2 Simple Theory

This derivation follows in the lines of Cheung et. al., Gustafson et. al, and Shimizu [105]
[108] [112]. We begin by considering the propagation of a laser pulse in an isotropic medium

which can be described by the wave equation of a plane wave as:

6 nd 62 47 62
2o g% pw 2.24
(522 c? 5t2) c? 6t? (224)
where
E = &(z,t)exp(ikyz — iwpt) (2.25)
P® = O|EPE (2.26)

and ng is the linear refractive index of the medium. We then introduce the slowly varying
amplitude approximation by neglecting the second order derivative of the electric field with
respect to time and ignoring higher order terms on the right side of the equation from
Equation (2.24) to become

§ mngd 4rwd

- v (3)c|2
(52 + c (525) 2’2k002X €1°E (2.27)
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This approximation assumes an instantaneous response of x(®. Substituting

2 =z4ct/ng (2.28)
and
E = |Elexp(iop) (2.29)
From Equation (2.27) we get
5|€]
2l _p 2.30
0z ( )
0¢ _ 2TWG (3012
k- 2.31
0z cZko €] (2.31)
These two equations are solved to yield
€l = 1E(@)| (2.32)
2mw?
Oz ) = do + X PIEWDP= (2.33)

The first of these two equations shows that the laser pulse propagates in the medium without

any distortion of the pulse shape, while the latter shows that the induced phase changed
Ag(t) = ¢(z,t) — do (2.34)

is the additional phase shift experienced by the wave in its propagation from the start position

to a distance z due to the presence of the induced refractive index

2
An = =2y ®)|g? (2.35)
o
which makes the phase change
Ap = (w/c)/ Andz (2.36)
0
Since the frequency of the wave is
w = wo(6A¢p/ot) (2.37)
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the phase modulation A ¢(t) leads to a frequency modulation
Aw(t) = —=5(Ag)/ot (2.38)

2mw? S|EI?
_ 7Wox(s) €| -
62]{30 ot

(2.39)

The spectrum of the self-phase-modulated field is, therefore, expected to be broadened. It

can be calculated from the Fourier transformation

BW)?2 = |= / £ (t)eiot+ist gy |2 (2.40)

= l5- N

Figure 2.4 shows this calculation for a 4.5-ps full width at half-maximum (FWHM) Gaus-
sian laser pulse propagating in a nonlinear medium which results in a maximum phase mod-
ulation of 727 radians. In addition, Figure 2.5 shows self-phase modulation resulting in a

diffraction-like pattern of broadening around the central frequency.
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Figure 2.4: Theoretical power spectrum with an instantaneous response to intensity varia-
tion, so the phase modulation is proportion to the intensity. (a) Phase modulation verses
time and (b) power spectrum of the phase-modulated pulse. Image taken from [132]
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Figure 2.5: Power spectrum due to phase modulation. The pulse propagates through a
shorter amount of medium than Figure 2.4.

It is interesting to note that the leading half of the phase modulation is responsible for
the Stokes broadening and the lagging half for the anti-Stokes broadening. The broadened
spectrum has Stokes-anti-Stokes symmetry because the phase modulation is directly propor-
tional to the intensity and the pulse is symmetric. Because the frequency is the derivative
of the phase modulation with respect to time, points of constant slope on the phase modu-
lation curve describe radiated waves of the same frequency but different phases. Depending
on how separated in time the two waves of constant frequency are, they interfere either con-
structively or destructively. This behavior is shown in the interference pattern of the power
spectrum. The inflection points have the largest slope on the phase modulation curve and
lead to the two outermost peaks on the power spectrum. The number of pairs of constructive
and destructive interferences is ¢y,4. /27 on each side of the spectrum.

Because the response of the medium to the laser pulse is not instantaneous, we introduce

the terms

Az, 1) = (w)c) /O " An(zt)dz (2.41)
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and

An(z,t) = /_Z na(z,t — )| E(z, t')2dt’ (2.42)

[e.e]

In this condition, even if the intensity is symmetric, the phase modulation is not. This is a
result of Stokes-anti-Stokes asymmetry. The Stokes side of the spectrum is always stronger
because the leading edge of the phase modulation curve always sees a larger portion of the
intensity pulse. Figure 2.6 shows this calculation again in the case of finite response time.
This approximation is a good start in our case, because in the case of an optical fiber, the

transverse beam profile SPM is suppressed from the waveguide.
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Figure 2.6: Theoretical power spectrum in the case of finite response time. (a) Phase
modulation verse time and (b) power spectrum of the phase-modulated pulse. Image taken
from [132]
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2.3.3 More complicated SPM theory

This derivation of SPM will assume a thin medium in which there is no self-focusing
effect of SPM and the transient stimulated light-scattering processes are suppressed. This
analysis follows in the case of Fork et. al. in which a 80-fs pulse at 627 nm focusing to an
intensity of 1013 to 1014 W/cm on a 500-pm film of ethylene glycol [117]. The output was
observed as a white continuum with a huge spectral broadening from the input.

The simplification we applied in Equation (2.27) will be revised as these terms will be
reinstated. The effect of this will be the inclusion of the self-steepening effect of the pulse
that was not present in the simple theory. From Equation (2.24) the field amplitude is [115]:

0 mpd 1 ,6% nié?

20 0ey (0 2.4
(5z + c 515) + 2'21{:0(5z2 c2 6t2)5 (243)
ATWE 3y 012 2r & 4
=— —i2wy— + — )xP|E? 2.44
kg X 1EIE+ T (Z2wom + S TIERE (244)

We then define the differential operators as
Dy = (6§/62) £+ (no/c)(6/6t) (2.45)

and rewrite Equation (2.44) as

1 1
Amw? 2i 6 1 62
H=——21+"—— - = —_|\®EP 2.4
c? [T+ wo ot wk (5t2]X E1°E (2.47)
Since
D_ = —(2ny/c)(0/0t) + D4 (2.48)
we have
1 2”0 )
D.E=—I|(—-——=—+D.)D I1 2.4
1 &, 2n90 oo
= — ———4+D 2 11 2.
oy LI + Dok (250)
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We then have to decide how many terms in the power series expansion is appropriate to
describe SPM. The zeroth-order approximation corresponds to neglecting all derivatives and

yields
D, E = —(2nw? [ic*ko)xP|E|2E (2.51)

which is what we had in Equation (2.27). For this lowest order approximation,

Dy (xP|E]E) o« (xP[E7)%E (2.52)
< x®|E2E (2.53)

if
WIER <« 1 (2.54)

We can therefore use D as an expansion parameter in the higher-order calculations. For

the first-order approximation, we have

[e.9]

1 19
D E=—-Y [(—=)" :
£ isz;[(in )"l (2:55)
B 196 2Twy 3)| o2
—(1+w—05)[— e © €€l (2.56)

In a sense we have used x*|€|? as the expansion parameter, neglecting any orders higher
than one of this term. For the case of an ultrashort pulse in a condensed medium, even if

the laser pulse intensity is 10*7//cm?, we find
xPIE? ~ 4210° < 1 (2.57)

Therefore, the approximation seems to be a reasonably good one.

Taking the nonlinear index of refraction as

ny = (2mwy) /koc)x® (2.58)
we then have
5(9 1 5 2y .NoWo 2
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We now take the simplification of assuming an instantaneous response of the medium. By

neglecting the dispersion of the response of the medium, we obtain

0 Mo 3712 2 )
14 = — = 2.
2+ 20+ 221 e =0 (2:60
[—6 + 201 —n2|5|2)£]¢ = 20 (2.61)
0z ¢ no st e ’

The former equation describes the amplitude of the wave, while the latter describes the
phase. By comparing this equation to Equation (2.31) from the simple theory of SPM, the
only difference is the addition of the ny|E|* terms on the left-hand side. When An > 0, we
expect a pulse steepening in the lagging edge. This is because the peak of the pulse then
propagates at a lower velocity than either the leading or the lagging part of the part.

With a pulse of the form
1£(0,)|* = A?/cosh(t/T) (2.62)
the solution of Equation (2.61) becomes
¢ = wor(x — sinh ™ [sinhx — (ny/cT)A%2]) (2.63)
where
x=[t— (no/c)z]/T (2.64)
and the frequency modulation is
Aw/wy = [1 4 (Q? — 2Qsinhx) /coshx] Y — 1 (2.65)
where
Q = nyA%z/cr (2.66)

As shown in Figure 2.7, the spectral broadening actually results from frequency chirping.
Because of the inclusion of the x® term, this solution takes into account all third order

phenomena, including the four-wave mixing contributions.
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Figure 2.7: Frequency shift due to phase modulation as a function of z = (¢t — ngz/c)/7 at
various values of ) = nyA?zc/7. Tmage taken from [132].

2.4 Dispersion

We begin our discussion of dispersion within optical fibers by considering Maxwells equa-
tions within a nonmagnetic medium as

5°D
VXVXE= 9.
x V x Ho~52 (2.67)

where E is the electric field, pg is the vacuum permeability, and D is the electric flux density.

The relation between D and E in the frequency domain can be written as

D(r,w) = gyii’E(r,w) (2.68)

where ¢ is the vacuum permittivity, n is the refractive index, and E and D are the Fourier

transforms of E and D respectively, that is

E(r,w) = % / h E(r, t)exp(iwt)dt (2.69)

—00
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with a similar relation for D(r,w). Using Equations (2.67)-(2.69), we obtain
V2E + (w/c)*E =0 (2.70)
where we have assumed that VE = 0. The refractive index in optical fibers is given by
i = n(r,w) +iac/2w + ny| B (2.71)

The linear index n(r,w) in this case is not constant in the transverse dimensions to account
for dielectric waveguiding. To account for the chromatic dispersion in silica fibers, the index
of refraction is also frequency dependent. The coefficient « reflects the fiber loss. The no
term takes into account the nonlinear component, referred to as the optical Kerr effect.

Assuming a homogenous fiber composition along the length of the fiber (z direction) in
such a way that the index of refraction is constant with respect to z, we assume:

E(x,y, z,w) = éa(z,w)P(z,y) = eEy(z, y)ezp(iﬁz) (2.72)

where ¢ is the polarization unit vector, /5 is the wave number and ¥ (x,y) is obtained by

solving

8 A,
527 oy + (5 = =0 (2.73)

Since the last two terms in Equation (2.71) are much smaller than the linear index n(x,y,w),
they can be treated by first-order perturbation theory. The complex wave number B can be

approximated by

where
Now
8o ="2 [ [ 1otw.)PEPdsdy (2.75)
and where o represents the fiber cross section and $(w) is obtained by solving the eigenvalue
equation
8% 6% w? 9
52t 5 + (n(z, yw) 5 =B (W)Y =0 (2.76)
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for a given index distribution of the fiber. For a single mode fiber, the field distribution

¥ (x,y) must satisfy the normalization conditions

| [t pasiy =1 (2.77)

The envelope propagation equation can be found from Equations (2.72) and (2.74) to
yield

g—i = i[B(w) +ia/2 + AByi]a (2.78)

Since the pulse spectrum is centered at the carrier frequency wgy, we can expand the wave

number in a Taylor series about the carrier frequency as

l(w — WO)S/Bg (279)

1(W - w0)252 + 6

B(w) = Bo+ (w—wo)Br + 5

where By = d"f3/dw™ is evaluated at wy. The coefficient [y represents the phase velocity,
which is the velocity at which the phase of any one frequency component of the wave travels.
The group velocity v, = 1//; is the velocity at which the pulse envelope moves at. The group
velocity dispersion (GVD) is given by ;. We then find the slowly varying pulse amplitude

a(z,t) = A(z, t)expli(Boz — wot)] (2.80)

where a(z,t) is the inverse Fourier transform of a(z,w). During the Fourier transform, the
differential operator i(d/dt) replaces (wwp). A combination of Equations (2.78)-(2.80) then
yields the propagation equation

0A 0A 52A 53A ,
5 + 515 52 53 = 7] APPA (2.81)

where the nonlinearity coefficient
Y = nowo/cAcyy (2.82)

The parameter A.s; is known as the effective fiber core area and is given by

eff//!w z,y)| drdy (2.83)
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where F = Av.
Equation (2.81) describes the propagation of an optical pulse in single-mode fibers. While
both material dispersion and waveguide dispersion contribute to the group velocity disper-

sion, the material dispersion contribution is generally larger. We can therefore approximate

B2 as

By =~ (A/27c*)D(N) (2.84)
where
A = 2me/wy (2.85)
and
D()\) = X (d*n/d)\?) (2.86)

For the sake of completeness, we now consider the effect of stimulated Raman scattering
(SRS), which has been thus far ignored. For ultrashort femtosecond optical pulses, the pulse
spectrum is wide enough that the low-frequency components get amplified from the Raman
gain at the expense of the high-frequency components. As a result, the spectrum shifts
toward shorter frequencies as the pulse propagates inside the fiber [118] [119]. The resulting

propagating equation including this effect and the SRS effect is [120]

JA A « i 02A 1 46%A
52 O T A= ol HMPA Ghis (287)
d o S|AJ?
—alg(\/ﬂ A) —axA 5 (2.88)

Because of the low powers used in this experiment, we will ignore the SRS effects [121].
2.5 Self-phase modulation plus dispersion

Depending on the ratio of the dispersion length Lp and the nonlinear length Ly, the
propagation of the beam within the fiber is characterized by different regimes. We will define

the dispersion length as

Lp =T /|B] (2.89)
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and we will define the nonlinear length as
LNL = (")/Po)il (290)

where T and F, are related to the width and the peak power of the incident pulse. We can
rewrite Equation (2.81) in a more convenient form

oU 1 62U 1
— =+ — —2\U12U 2.91
! 0z QLD 072 LNLe | | ( )

where we have defined
T=(t— p12)/Th (2.92)
and
A =/ Pyexp(—az/2)U (2.93)

The dispersion-dominant regime is where the fiber length is much less than the nonlinear
length, but comparable to the dispersion length. The equation determining behavior in this

regime is obtained by solving Equation (2.91) as

U(z,T) = /_Oo U(0,w)exp|—iwt £ iw?(z/2Lp))dw (2.94)

o0

where U(0,w) is the Fourier transform of the incident pulse amplitude. The dynamics of
this regime were extrapolated by Marcuse, but are not of importance to this experiment
[122]. The nonlinearity-dominant regime is where the fiber length is much smaller than the
dispersion length but on the order of or larger than the nonlinear length. This situation in
described in the previous section.

The regime in which we are interested in this experiment is the dispersive nonlinear
regime, characterized in which the fiber length is longer than or comparable to both the
dispersion length and the nonlinear length. In this regime, both dispersion and nonlinear
effects act together on the pulse during propagation. This derivation follows in the lines of
Mollenauer et. al., Grischowsky and Balant, and Tomlinson et. al., in which the numerical

solutions were in high agreement with experimental results [123] [124] [125].
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We begin by normalizing the fiber length as
E=z/Lp (2.95)

so that Equation (2.91) can be written as

SU 18U

— =4 _ N?e|U|PU 2.96
Yo T T2 e Ul (2.96)
where
Lp  ~PT?
N? = = 0 2.97
Lnp | B2 ( )

In the lossless case, Equation (2.96) is analogous to the nonlinear Schrodinger equation
(NLSE). In the case when the GVD parameter 5 < 0, referred to as the anomalous dispersion
regime, the NLSE has exact solutions, referred to as solitons [126] [127]. For a hyperbolic
secant initial pulse shape and integer values of N, the solitons follow a periodic evolution
pattern of period

2
T w1}

20 =

The fundamental soliton corresponds to N = 1 and propagates without change in its shape.

The peak power required to excite this soliton is
Py = |Bo| NTG (2.99)

Numerical solutions to Equation (2.96) give proper simulation of the parameters of this
experiment. A fast Fourier transform (FFT) based beam propagation method is used as
was used in similar experiments [128] [129] [130]. This consists in propagating the field a
distance §/2 with dispersion only, multiplying the result by a nonlinear term that represents
the effect of nonlinearity over the whole step length 9, and then propagating the field for
the remaining distance §/2 with dispersion only. It is useful to write Equation (2.96) in the
form

sU
T (D +Q)U (2.100)
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where

i 62
D=4-— 2.101
2012 ( )
and
Q = iN?e **|U|? (2.102)

The field is propagated inside the fiber a small distance ¢ by

&+0
U(e+0.7) = feap( e | QUL WE N (2103)

The propagation in a linear dispersive medium indicated by the exponential operator
exp(0D/2) can be accomplished using the Fourier transform method. This integral is ap-
proximated with the trapezoidal rule as

£+

[ e = 0 + e +o) (2.104)

This can further be approximated as

&+6

: Q(&)ds ~ 5[Q(8)] (2.105)

as long as the intensity of the field does not significantly change from one step to the next.

The propagation for a pulse modeled by these equations, and the spectrum resulting is
shown in Figure 2.8. Of interest are the oscillations near the pulse edges, which are manifest
in the spectrum as sidelobes. This is often referred to as wave-breaking, interpreted by
Tomlinson et. al. as a mixing of the SPM induced frequency-shifted components with the

unshifted light in the wings [131].
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Figure 2.8: Pulse shape and spectrum of an unchirped Gaussian pulse at & = 0.08 for N =
30. Sidelobes in the spectrum and oscillations near the pulse edges are due to optical wave

breaking. Image taken from [132].
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CHAPTER 3
DATA

We solve the problems produced from modulation instability by using a ultra high numer-
ical aperture (UHNA) optical fiber, leading to increased shot-to-shot stability, allowing it to
be used effectively in multiphoton microscopy (MPM). We examine the three measurements
made in this experiment, shot-to-shot stability, spectral characterization, and the use of this
light in nonlinear microscopy. The continuum generation was done in the normal dispersion

regime with the high NA fiber.
3.1 Shot-to-shot Stability

We used a Yb : KGd(WOy)s laser at 19 MHz to generate 250 fs pulses used in the
experiment. This was then sent through a beam expander of 1.25x, using lenses of 200mm
and 250mm in order to optimize the input to the fiber optic acceptor. The fiber used
was a CoreActive, SCF-UN-3/125-25-PM optical fiber. It contained 1 cm of entrance fiber
containing 6.7 pum core diameter which was coupled to 2.15 m of polarization maintaining
(PM) 3 pm core ultra high numerical aperture (UHNA) fiber. The numerical aperture (NA)
is defined as the index of refraction times the sine of the half angle of incidence. The entrance
fiber allowed for easier alignment, and because of its lower NA, it was able to accept a larger
range of input angles to the fiber. The NA for this section is 0.25. The clad diameter for the
PM fiber was 126 pm, which was one micron too large for the output connector. Therefore,
1 cm of exit fiber was added, which had a core diameter of 6.7 pm. A photodiode was used
at the input of the fiber originally, and then was moved to the output of the fiber to measure
the shot-to-shot stability through the fiber. This experimental setup is shown in Figure
3.1. As shown in Figure 3.2, this experiment had complete shot-to-shot stability. This is a
large advantage for reliable use in nonlinear microscopy. If there is not reliable shot-to-shot

stability, the dwell time must be increased to be able to average out the variations for use
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in microscopy. An increase of dwell time not only increases the overall time required to
take a sample, but also increases the chance of photobleaching or photodamage occurring
in biological samples. By having complete shot-to-shot stability in a regime that does not
amplify noise, microscopy becomes more accurate and faster.

The previous experiment performed by Field et. al. showed extremely intermittent
shot-to-shot behavior [93]. Due to the noise instability, and hence frequency modulation,
the output for AMPLSM was not temporally coherent enough to perform adequate SHG

microscopy.

fzasomm | -2oomm

Y e

Figure 3.1: Experimental setup to measure shot-to-shot stability. The photodiode was orig-
inally placed (a) before the fiber, then was moved to (b) after the fiber.
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Figure 3.2: Comparison of shot-to-shot stability (a) before and (b) after the fiber.
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3.2 Spectral Characterization

For the spectral characterization, the setup was changed so that the output from this
fiber was sent into a spectrometer and the output was recorded on a charge-coupled device
(CCD) camera. Because of the bandwidth of the output spectra, multiple pictures had to
be put together to capture the complete spectra at one setting. Because the CCD camera
automatically adjusted to the intensity in each picture, stitching of the pictures sometimes
resulted in abrupt changes in the measured spectra. Background noise is caused by room
lights contributing to the spectra. The experimental setup is shown in Figure 3.3. Differen-
tiation of the polarization axes was determined by looking at the bandwidth of the resulting
spectra. The polarization axis with the least bandwidth output from the fiber was deter-
mined to be the slow axis, while the axis 90 ° from this, which had the largest bandwidth
output, was determined to be the fast axis. The difference between the spectra from the two
axes shows the birefringence of the fiber. The input power was between 119-202 mW, and
the output power was between 15.6-24.7 mW, leading to a coupling efficiency through the
fiber of 12.2-13.1%.

CCD

g £=350mm f=200mm

: A=

= &7

Spectrometer

Figure 3.3: Experimental setup of the spectra from the fiber.

3.2.1 Slow Axis

Figure 3.4 shows the spectra from the mode-locked Yo : KGd(W Oy), laser cavity, without

any nonlinear effects. The output spectra from an input polarization on the slow axis is given
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in Figure 3.5. The bandwidth spread is roughly 27nm. At least one mode to each side can

be easily identified, which has been created from SPM.
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Figure 3.4: Spectra from the mode-locked Y0 : KGd(WOy), laser cavity.
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Figure 3.5: Spectra on the slow axis at 23.4 mW. The camera becomes saturated at high
intensities, as can be seen by the two plateaus.

3.2.2 Fast Axis

The output spectra from an input polarization on the fast axis is given in Figure 3.6.

The bandwidth spread is roughly 32nm. This is larger than the measured bandwidth spread
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on the slow axis, showing that the nonlinearity is greater on this axis. In addition, more

modes can be seen than on the slow axis, showing the larger effect of SPM on the fast axis.
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Figure 3.6: Spectra on the fast axis at 23.4 mW. The camera becomes saturated at high

intensities, as can be seen by the plateau.

3.2.3 Other Polarization States

According to Lehtonen, et. al., polarization spectra in between the fast and slow axes is
a weighted superposition of the propagation on the fast axis and propagation on the slow

axis [62]. Figure 3.7 shows the measured spectra for various input polarizations.

3.2.4 Dependence on Input Power

The output spectra on the fast axis and slow axis at different input powers is given

in Figure 3.8. This shows the third order nonlinearity in the fiber reflected in the power

dependence of bandwidth spread.

3.3 Nonlinear Microscopy

The setup was changed so that the output from the fiber was put through a beam
compressor of 1.875x, using lenses of 750mm and 400mm in order to reduce the spot size to

maximize SHG. This beam was then sent into a SHG microscope and was used to image a
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Figure 3.7: Spectra at continuously changing polarization states from (a) 14° before the slow

axis to (e) 24° before the fast axis.
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Figure 3.8: The output spectra on (a) the fast axis and (b) the slow axis. The input powers
are (i) 17.8 mW, (ii) 19.6 mW, (iii) 21.7 mW, (iv) 23.4 mW, and (v) 24.7 mW.
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sample of corn starch. Total power to reach the sample of corn starch was about 5mW. This
setup is shown in Figure 3.9. Figure 3.10 shows the working detail of the SHG microscope.
The objective used in this experiment is a 0.75 NA, 11 mm working distance (WD) objective
that is not corrected for spherical abberation (SA). The corn starch sample was scanned
through a coverslip, so SA was added that was not corrected for, decreasing the signal-to-
noise ratio. The microscope allows for both specimen scanning and beam scanning of a
sample, which creates a field of view on the order of square millimeters, which is roughly an
order of magnitude larger than comparable systems. The spot size through the objective is
given by

% = 846nm (3.1)

This microscope applies the technique of photon counting in order to render an image.
This works by collecting the photon counts in a photomultiplier tube (PMT) to amplify
the signal. The output from the PMT is then sent to a comparator circuit that eliminates
the signals that are below the noise threshold. Finally, these counts are sent to a field
programmable gate array (FPGA) which performs the counting of the photons. The image
is then rendered by showing the contrast of number of counts per pixel scanned over.

The reason for the high signal to noise ratio is the temporal dispersion that the pulse
experiences through the fiber. This in turn reduces the peak intensity, and the multiphoton
advantage. We can estimate the temporal diffusion as analogous to the dispersion experi-

enced through fused silica. In this case, the temporal dispersion is calculated for a gaussian

pulse as

SaLin?
(L) = To\/l + ( GTQ” )2 = 1.08ps (3.2)
0

where ¢ is 250 fs, L is 215 mm, and a = 22 for BK7 glass. Assuming the temporal dispersion
scales linearly with bandwidth, and that the pulse through the fiber is approximately 25 nm,
while the input pulse is 3 nm, we multiply this result by (25/3). This leads to a output

pulse length of roughly 9 ps. By comparison with the input pulse, the exit pulse has been

49



temporally stretch by about 36 times, leading to a degredation of peak intensity by a factor

of roughly 36, and a signal to noise ratio increase of about 1.32103.

f=400mm
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ﬂ ma— iy 1La5er

Figure 3.9: Experimental setup for SHG microscopy.

3.3.1 BG39 Filter

The results for a BG39 filter are shown in Figure 3.11. The BG39 filter allows through
a wide range of wavelengths, and for our experiment, it acts mostly just to block the funda-

mental wavelengths between the range of 900-1200nm.
3.3.2 Filter 520-10

The results for a filter of only wavelengths between 515-525 nm are shown in Figure
3.12. Corn starch is experimentally known not to have any fluorescence, as an attenuation
of fluorescence would be a possible explanation for the lower signal to noise ratio. Instead,
I propose that the lower signal to noise ratio is showing that a significant amount of SHG is

from the wavelengths below 515nm and above 525nm.
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PMT

From fiber output —

Figure 3.10: Working detail of the SHG microscope scan optics. The objective is 0.75 NA
with a working distance of 11 mm, and is not corrected for spherical aberration. The sample
is corn starch.

Figure 3.11: Full SHG microscopy of corn starch with BKG filter. Dimensions are 100 pum
x 100 pm.
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Figure 3.12: Second Harmonic Generation (SHG) microscopy of corn starch with a filter
transmitting only 515-525 nm wavelengths. Dimensions are 100 pm x 100 um.
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CHAPTER 4
CONCLUSION

Previous experiments on PCF SC generation have elucidated the delimitations on noise
amplification and shot-to-shot stability. By manufacturing a UHNA fiber with the correct
specifications, we can avoid the drawbacks of chaotic behavior, while engineering the spec-
tral characteristics for use in MPM. The amount of SPM and diffusion can be tailored by
comparing and adjusting the nonlinear and dispersive lengths of the fiber.

The pulse-to-pulse stability of the fiber allows for better use of the continuum for use in
nonlinear microscopy, reducing dwell times, for example. By looking at the spectral charac-
terization, we see the spectral spread is toward shorter wavelengths, making it evident that
the main mechanisms of broadening are SPM and Stokes broadening. Because the response
of the medium is not instantaneous, we have a Stokes-anti-Stokes asymmetry evident in the
spectral characterization. By using this light in SHG imaging of corn starch, we can see that
the spectral spread from the fiber results in a spectral spread of SHG imaging.

One contributing factor to the low signal-to-noise ratio is the objective used in the SHG
microscope. This objective is not corrected for spherical aberration (SA), and thus by
imaging the corn starch through a cover slip, SA is added, causing the off axis rays to
converge to different focal planes. Because of this added SA, the peak intensity of the beam
is lowered, resulting in less MPM advantage, and lower signal-to-noise ratio.

Another reason for low signal-to-noise ratio is the temporal dispersion from the UHNA
optical fiber. An estimate of this temporal dispersion is roughly 96.75 ps, which is a length-
ening of the pulse by 387 times. A more detailed calculation could be performed in order to
better estimate the temporal dispersion in order to correct for it. As shown in Figure 4.1,
this temporal dispersion can be corrected by use of a compressing pair of prisms, sending the

various wavelength components on paths of different lengths. Compression would increase
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the peak intensity to reach the sample, increasing the multiphoton advantage, and hence the

signal-to-noise ratio.

) Compressed
Pulse
Stretched
Pulse ’

Figure 4.1: Proposed temporal pulse compression to increase peak power and signal-to-noise
ratio.

4.1 Extension to multiple foci in microscope

Because of the bandwidth created from UHNA continuum generation, multiple fluo-
rophores are able to be excited with the use of one beam. With use of AMPLSM, each beam
from the fiber can be spatially separated, allowing for multiple modalities to be generated
with each shot. This can allow for an expansion of parameters to be used, allowing for
multiplexing to create large amounts of data in each shot. In addition, by splitting these
beams further into different pathways and applying filters, the fluorophoric information can
be multiplexed as well. This data can then be electronically demultiplexed, allowing for
tracking of multiple fluorophores within a sample simultaneously. In previous experiments
simultaneous imaging of up to six planes has been demonstrated [97] [98]. This further

expands the differential capabilities of simultaneous imaging.
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