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Abstract 

The potential of a mode-locked semiconductor laser oscillator as a short 
pulse source for two-photon fluorescence microscopy is explored. Amplification 
of the 1075 nrn laser is performed with a single pass semiconductor optical 
amplifier or a ytterbium-doped fibre amplifier. The mode-locked diode oscillator 
amplified by the Yb-doped fibre amplifier has been shown to produce 
uncompressed pulses of 4-10 ps with an average power of up to ~0.8 W. 
Compression with a single pass modified grating pair compressor reduces the 
pulse duration to as short as 860 fs. The output power level can be easily scaled 
to higher values. 

The ability to tightly focus the Yb-doped fibre amplifier beam and 
semiconductor optical amplifier beam for the purpose of microscopy is studied. 
Results indicate that the fibre performs close to an ideal Gaussian laser beam 
source. The semiconductor optical amplifier beam does not focus as well. 
Measurements suggest that regions of the beam, when focused, do not 
significantly contribute to the generation of two-photon fluorescence. 

The efficiency of two-photon fluorescence generation of the two 
amplifiers is compared to that of the conventional two-photon excitation source: 
the mode-locked titanium sapphire laser. Results illustrate the need to improve 
certain operating parameters of the laser oscillator and two amplifiers to be 
considered practical for two-photon fluorescence microscopy. The mode-locked 
semiconductor laser oscillator amplified by the Yb-doped fibre amplifier ts 
deemed to be close to being ready for two-photon imaging applications. 
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Chapter 1 Introduction 

1.1 Outline 

This section provides a brief outline of the material covered in this thesis. 
In Chapter 1 the motivation behind this work is included as well as recognition of 
the contributions other people have made toward it. 

The second chapter presents the relevant background pertaining to 
fluorescence microscopy and more specifically two-photon fluorescence 
microscopy (TPFM). The theory describing two-photon excitation and the 
advantages of TPFM over other types of optical imaging are also discussed. 

Chapter 3 outlines the design and operational characteristics of the three 
two-photon excitation sources used in the experiments. The design properties of a 
passively mode-locked semiconductor diode laser and a semiconductor optical 
amplifier are described in detail. Background information concerning the 
operation of an ytterbium-doped fibre amplifier and a titanium sapphire laser are 
discussed. Some selected results from the hybrid master-oscillator power
amplifier system (mode-locked diode amplified by the doped Yb-fibre) are 
included. 

A detailed description of the experimental apparatus is described in 
Chapter 4. Included is an overview of the equipment used in the experiments as 
well as some of diagnostic tools used to analyze the performance of the pulsed 
laser sources. 

In Chapter 5 the measurement of the focused beam spot size of the three 
excitation sources, as well as a helium neon laser, is discussed and analyzed. 
Included is a discussion of the methods used to retrieve the beam waist from the 
knife edge scans. Given the difference in the mode profiles, different techniques 
are used to estimate the beam waist of the different sources. A discussion is 
included addressing the agreement, or lack thereof, between prediction and 
observation. 

The results of absolute two-photon fluorescence measurements are 
presented in Chapter 6. Given the different operating conditions of the excitation 
sources, estimates were made of the different fluorescence signals that would be 
measured. These were compared to what was obtained by experiment. An 
explanation of the observed differences is included. 
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The last chapter summarizes the key results of the thesis as well as puts 
them into the overall context of the goals of the project. Specifically, an in-depth 
look at the prospects of the mode-locked diode laser, amplified by either the 
semiconductor optical amplifier or a Yb-doped fibre amplifier, as an excitation 
source for TPFM is discussed. An outline of future work is also included. 

1.2 Motivation 

The motivation behind the work reported here is to determine the 
suitability of compact, tunable mode-locked semiconductor lasers and amplifiers 
as sources for two-photon excitation. Experiments with these sources have been 
on-going successfully for a number of years within this group. Development of a 
source for non-linear optical applications has been one of the prime motivators of 
the research done in this lab. Potential non-linear applications include two-photon 
fluorescence microscopy, two-photon photodynamic therapy and second 
harmonic generation among others (this thesis will focus on its potential as a two
photon fluorescence microscope excitation source). An ideal source for two
photon work is one that can generate pulses of light shorter than 10 picoseconds 
with repetition rates below 1 GHz and which is wavelength tunable. The group 
has demonstrated laser devices that generate pulses of several picoseconds at a 
repetition rate of -600 MHz with average powers of approximately 1 m W with a 
tuning range of greater than 50 nm in some cases [1], [2]. Concurrently, there 
have been studies on semiconductor optical amplifiers (SOAs) to increase this 
power to a more usable level. The maximum average power attained with a 980 
nm laser/SOA combination has been approximately 90 mW and a 1075 nm source 
combination achieved an average power of approximately 50 mW [3], [4]. At 
these power levels there is sufficient pulse energy to be able to efficiently drive 
two-photon absorption processes. 

A novel amplification approach being undertaken within the group is to 
amplify the diode signal with an ytterbium doped fibre amplifier (YDFA). This 
hybrid approach can g~nerate much higher powers (in a first attempt, hundreds of 
milliwatts in our group and over 10 watts with a gain switched diode and pre
amplifier in another group [5]) than the SOAs. They also have a better beam 
quality which makes them potentially ideal excitation sources for fluorescent dyes 
with single photon absorption ranges of -500-600 nm as the tuning range is from 
970-1200 nm. The use of a mode-locked diode as a seed source for a YDFA has 
not been reported in the literature to the author's knowledge. 

Two-photon microscopes typically use a titanium sapphire (Ti:Sapphire) 
laser (though other sources such as Nd:YAG and dye lasers are sometimes used) 
as an excitation source. A mode-locked Ti:Sapphire laser is easily capable of 
generating sub 100 fs pulses at a repetition rate of 80 MHz with pulse energies 
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greater than a nanojoule, which is more than sufficient for two-photon work. The 
tunable range of a Ti:Sapphire laser equipped with the proper mirrors is 660-1050 
nm which makes it suitable for a broad range of biological dyes. However these 
lasers are bulky and expensive which opens a niche for the lower power 
semiconductor sources. The semiconductor devices can be designed to have 
tuning ranges of -50 nm. They are also cheap enough that multiple devices could 
be included in a package to allow access to a large range of the spectrum (from 
the visible to the NIR). This can all be done while still being more cost effective 
and smaller in size than a Ti:Sapphire laser. 

A mode-locked diode laser amplified with either the SOA or Yb-doped 
fibre amplifier should yield a sufficiently high peak power and pulse energy to 
make it an attractive alternative to the expensive Ti:Sapphire as a two-photon 
fluorescence excitation source. With this is mind, work was performed to explore 
the feasibility of replacing the Ti:Sapphire with a diode based system and what 
changes need to be made to accomplish this goal. 

1.3 Project Contributors 

The results presented in this thesis have been obtained directly as a result 
of the author's efforts. This includes data fitting routines, design, implementation, 
performing experiments as well as the analysis of the results. Outlined below are 
the significant contributions other individuals have made to the project. 

• The material for the semiconductor lasers and amplifiers was grown by 
Brad Robinson using the molecular beam epitaxy facility at McMaster 
University. 

• Most of the design features of the diode laser were a product of the work 
of Michael Brennan as a part of the research completed for his PhD 
degree. Mike was also involved in the design and implementation of the 
autocorrelator and grating pair compressor. 

• Andrew Budz designed, tested and characterized the flared semiconductor 
optical amplifiers while working toward his PhD. He was intimately 
involved in the Yb-doped fibre project as well as the day to day operation 
of the semiconductor excitation sources. He contributed to numerous 
technical discussions regarding experimental work. 

• Insight into the error function fitting routine used to analyze the knife edge 
data was provided by Ben Doyle. 

• Assistance regarding the operation of the Ti:Sapphire laser as well as 
technical discussions on measurement techniques was provided by Henry 
Tiedje. 
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Chapter 2 Microscopy 

2.1 Introduction 

Optical imaging is an invaluable tool in science as well as in many other 
disciplines. The advantages of optical imaging over other types, such as MRI, 
ultrasound and x-rays, are the high resolution (:5100 nm with near-field 
microscopy [8], 4pi fluorescence microscopy [9]-[12]), reasonable cost and the 
(essentially) non-damaging nature of the radiation. Two important fluorescence 
based optical imaging techniques, confocal and two-photon fluorescence 
microscopy (TPFM), are discussed below to highlight their similarities as well as 
the advantages that TPFM offers. 

2.2 Conventional fluorescence microscopy 

In fluorescence microscopy a fluorophore, either endogenous (produced 
from within) or exogenous (developed externally), is localized in various regions 
of a sample. It can absorb a photon (or multiple photons) in a certain wavelength 
range and be excited to a higher energy state. When it relaxes, it emits a photon at 
a longer wavelength after a period of time, typically in the pico to nanosecond 
regime. A laser source is commonly used to excite the fluorescent specimen in a 
point -wise manner to allow efficient generation of fluorescence and a high signal 
to noise ratio; it also mitigates the need to bathe the entire sample in high intensity 
light for extended periods of time [13]. Exposures to high intensities can lead to 
damage of the sample and the destruction of the dye. The point-wise generation 
of fluorescence requires a raster scanning technique to create an image. The 
scanning is typically done by a set of galvanometric mirrors that raster scan the 
excitation beam across the sample, though it is also sometimes done by keeping 
the beam stationary and moving the sample stage [13]-[15]. Fluorescence is 
collected by a focusing lens (in an arrangement called epi-fluorescence 
illumination) and separated from the excitation light by a dichroic mirror. A 
schematic of a standard laser scanning fluorescence microscope is shown inFigure 
2-1. Scanning efficiency can be greatly increased by generating multiple parallel 
foci by methods such as a Nipkow disk or a microlens array [18]. 
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Excitation 

Emission 

Figure 2-1: Standard epi-fluorescent illumination for fluorescence microscopy Generated 
fluorescence is separated from the excitation signal by a dichroic mirror 

2.3 Confocal fluorescence microscopy 

In a conventional fluorescence rrucroscope arrangement, a significant 
amount of signal is generated in the cones of light that extend above and below 
the focus (see Figure 2-2) This has the effect of reducing the contrast of an 
image because the out of focus region can be generating as much fluorescence as 
the object of interest. A common technique to eliminate this problem Is to use a 
confocal aperture to reject light from outside the focal region [ 16] Through this 
approach, collected fluorescence is imaged onto the plane containing the pinhole. 
Light that was emitted from the focal plane will pass through the aperture and be 
detected. Light from an out-of-focus plane will be collected but imaged onto a 
plane in front of or behind the pinhole. The majority of it will not pass through the 
aperture and IS rejected from the final image [ 17]. A simple schematic illustrates 
the basic principle in Figure 2-2. The depth discnmination that the pinhole 
achieves leads to a natural optical sectioning of the sample. In an actual 
microscope the Imaging depth is selected by raising or lowering the sample stage 
along the optical axis, usually by a stepper motor or piezoelectric stage [20] By 
stacking a number of sections it IS possible to build a three-dimensional image of 
the sample. Three-dimensional Imaging IS important for in-vivo Investigations 
where reactions occur below the surface and minimal disruption to the cellular 
processes is required. The axial resolution of the slice becomes better as the 
aperture becomes smaller; however the amount of signal declines as the pinhole is 
constricted and it is therefore necessary to increase the excitation intensity This 
Increase leads to one of the inherent problems of a confocal microscope - the 
Increased possibility of photodamage to the entire sample. The regions above and 
below the plane of Interest absorb much of the light even when they are not 
contributing to the Image. Another drawback, that relates to the use of single 
photon absorption, IS that Important endogenous fluorophores such as tryptophan 
and NAD(P)H as well as some exogenous ones, which requue a blue or UV 
excitation light, cannot be easily excited [19] Blue and UV light IS strongly 
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attenuated In tissue and this lirmts the depth at which Imaging IS possible. The 
higher energy photons of short wavelength light also more readily cause damage 
to biological samples [20] 

Spectmen 

Laser 

Figure 2-2: Schematic illustrating the rejection of out-of-focus fluorescence by the confocal 
aperture in a confocal microscope. The scanning mirrors are absent. 

2.4 Two-photon fluorescence microscopy 

A number of the shortcomings of confocal fluorescence microscopy can 
be addressed by the non-linear Imaging technique known as two-photon 
fl~orescence microscopy (TPFM) First demonstrated by Denk In 1990, In TPFM 
two photons are simultaneously absorbed to provide the equivalent energy of one 
shorter wavelength photon [21] Single-photon excitation occurs when a photon 
of suffictent energy to elevate the fluorophore from its ground state to an excited 
state is absorbed. It then relaxes and emits a photon of less energy In the case of 
two-photon fluorescence, two photons, whose combined energy is sufficient to 
excite the fluorophore, are absorbed essentially simultaneously The time frame 
In which both photons must arrive at the same molecule to be considered 
simultaneous IS determined by the uncertainty pnnciple and Is on the order of 0 1 
femtoseconds [22] The excited fluorophore, when It relaxes, emits a photon of a 
shorter wavelength which may be detected. A simplified energy diagram showing 
excitation in both the one and two-photon absorption case IS given iQ Figure 2-3 
The simultaneity requuement IS the source of the well known square dependence 
of fluorescence power with excitation Intensity 
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Figure 2-3: Simplified energy diagram illustrating the excitation process of both one- and 
two-photon absorption. The symbol V0 is the one-photon excitation electric field frequency, 
~ is the fluorescence electric field frequency and 11 is the two-photon excitation electric field 
frequency. 

The absorption dependence on the square of the intensity means that there 
is no significant signal coming from regions other than the focal spot where the 
intensity is highest. This selectivity is the source of the inherent optical 
sectioning properties of a two-photon fluorescence microscope [23]. Figure 2-4 
provides a schematic of a typical TPFM. Normally, excitation sources emit in the 
NIR so that they are compatible with most commonly used fluorophores whose 
emission wavelengths are typically in the visible region of the spectrum. For a 
given intensity, the probability of a two-photon absorption event is much lower 
than that of a single photon absorption and so for there to be a reasonable 
likelihood of two-photon excitation transitions very high illumination intensities 
(on the order of GW /cm2

) are required. These types of intensities are best 
achieved by tightly focusing a picosecond or femtosecond laser beam. These 
lasers can provide a very high photon flux without depositing large amounts of 
energy which could damage the sample. A typical two-photon fluorescence 
source generates about I 0 m W of average power, with a pulse width of -100 fs 
and a repetition rate of 80 MHz [23]. 
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Specimen 

Laser 

Figure 2-4: Schematic of a two-photon fluorescence microscope. Fluorescence is only 
generated in the focus, eliminating the need for a pinhole. Scanning mirrors are not shown. 

2.4.1 Advantages of TPFM 

A two-photon fluorescence microscope has a number of advantages over a 
conventional confocal microscope. Because fluorescence IS only generated near 
the focal region In a TPFM a confocal pinhole IS not necessary. This simphfies 
the setup and _qperation of the rmcroscope. In a confocal system it Is necessary to 
adjust the diameter of the aperture In order to achieve a balance between the 
desired depth resolution and reduced signal, this IS not the case with a TPFM [25] 
Also, In confocal rmcroscopy It is necessary for the fluorescence to return through 
the scanning rmrrors (de-scan) In order to properly pass through the confocal 
aperture, this is another source of loss that IS not present in a TPFM. 

A two-photon fluorescence microscope IS able to image more deeply into a 
turbid sample than a confocal microscope for a few reasons. First, because 
fluorescence that IS generated deep (hundreds of rmcrons) within a specimen can 
be scattered multiple times and still contribute to the measured signal, whereas In 
a confocal system only unscattered fluorescence photons are detected [24]. 
Scattered photons are blocked by the pinhole because the photon appears to be 
onginating from somewhere other than the focus, this is not as Issue In TPFM. 
The Improved collection efficiency means less fluorescence is being wasted, 
reducing the requtred excitation power [26}, [27] 
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Another reason a TPFM can scan more deeply is because scattering of the 
excitation light also causes a degradation of the generated signal. This is because, 
the fewer the number of photons that arrive at the focus the less fluorescence will 
be emitted. The wavelength dependence of scattering is related to the relative size 
of the particle/object to the wavelength of light. Rayleigh scattering applies to 
particles smaller than the wavelength of light and is strongly wavelength 
dependent, scaling with the inverse fourth power. This can mean that operating at 
the longer two-photon wavelength can result in an order of magnitude reduction 
in scattering when compared to a confocal microscope [28]. There are, typically, 
a large variety of scattering centres in a biological sample, and so the scattering 
dependence is expected to be less than A. 4 ; however, a general inverse relationship 
with wavelength is observed [28]. 

Deeper imaging with a TPFM is also achieved because the absorption of 
the excitation signal is weaker at the longer two-photon excitation (TPE) 
wavelengths when compared to the one-photon excitation case. The red to NIR 
wavelengths used for TPE fall into an optical window where the absorption of 
common biological chemicals such as oxygenated hemoglobin and melanin are 
decreasing and the absorption of water has not yet risen dramatically [19]. The 
combination of reduced scattering and reduced absorption makes it possible to 
image more deeply (hundreds of microns deep) than with a confocal microscope 
[27], [30], [31]. 

Another primary benefit of a TPFM is the reduced photobleaching that 
occurs outside the focal region. When the image of a sample is being constructed, 
absorption is largely occurring only in the focal region. The rest of the sample is 
essentially transparent. This is in contrast to a single photon laser scanning 
system where the entire hour-glass shaped region above and below the focus is 
absorbing energy (see Figure 2-2) [23]. The increased absorption can lead to 
irreversible bleaching of the fluorophore and it can also contribute to unwanted 
heating and damage of the sample. There is some debate as to whether two
photon fluorescence microscopy is more or less phototoxic to the sample than 
single-photon fluorescence [21], [32] . There appears to be an intensity threshold 
above which the amount of damage increases more rapidly than the squared 
dependence of the fluorescence, though there seems to be a strong dependence on 
the fluorophore [33]-[36]. 

A two-photon fluorescence microscope gives researchers better access to 
dyes that are excited in the deep blue and UV part of the spectrum. At these 
wavelengths there can be severe damage to samples with prolonged exposure. 
Using TPFM, the dyes can be excited by sources in the visible region of the 
spectrum which means the amount of time the bulk of the sample is exposed to 
the equivalent of high energy photons is reduced. There is also a reduction in the 
need for expensive UV optics [29]. 
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Finally, the separation of the excitation and fluorescent light is easier to 
accomplish with a TPFM due to the large difference in the excitation and 
emission wavelengths. The spectral separation is generally several hundred 
nanometers while in the single photon case it is only tens of nanometers [23]. In 
the confocal setup the dichroic mirror that is used to separate the excitation and 
emission light must be made to a tighter tolerance, which is likely to reduce 
transmission/reflection efficiency while increasing the cost. 

In addition to two-photon fluorescence excitation, there has also been 
some investigation into three-photon fluorescence excitation (3PE) [37]-[39]. 
3PE can further reduce the excitation volume when compared to TPE [38], [40]. 
It also provides access to dyes further into the ultraviolet [37]. However, the 
likelihood of a three-photon absorption event is generally much lower than that of 
the two-photon case. The absorption cross-section is on the order of 10-82 

cm2(photons/cm2sY2 for three-photon absorption versus 10-50 cm2(photons/cm2sY1 

for the two-photon case [41]. Higher intensities are required for 3PE to generate a 
sufficient fluorescence signal. Given the same laser properties (i.e. pulse 
duration, repetition rate, and beam quality) it would require roughly about a factor 
of 10 greater intensity to generate the same amount 3PE as TPE at a moderate 
power level (10 mW) [37], [42]. 

2.4.2 TPE theory 

Two-photon absorption (TPA) was first predicted by Maria Goeppert
Mayer in 1930 [45], and first demonstrated by Kaiser and Garrett in 1961 [46]. A 
simplified description of the two photon absorption process is given here; a more 
detailed one can be found in Nakamura [43] or Esposito et al [44]. Two-photon 
excitation is a non-linear process that depends on the third-order susceptibility 
tensor of the fluorophore [25]. It occurs when two photons excite a fluorophore 
into an allowed excited state via a forbidden virtual state [47]. Since the virtual 
state is forbidden, the two photons must arrive within a time frame determined 
from the uncertainty principle. In order to not violate energy conservation the 
transition time frame is on the order of 10-15-10-16 seconds [22]. A rough estimate 
of the likelihood of this occurring can be made by looking at what is the 
likelihood of a pair of photons passing through a sufficiently small area within the 
allowed interaction time. An estimation of the interaction area can be derived 
from the one Fhoton absorption case where the electronic interaction area is on the 
order of 10-1 -10-17cm2 [23], [41], [48]. A somewhat intuitive expression that 
neglects some of the physics involved but provides roughly the right order of 
magnitude of the TP A cross-section is: 
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Oz = op·Irim (2.1) 

where (Jj is the one photon cross-section and Tint is the time frame within which 
the two photons must be absorbed for the transition to occur [41]. Evaluating 
Equation (2.1) with the input values indicated above yields a two-photon cross
section on the order of w-so cm4s (which is defined as one GM- in honour of 
Maria Goeppert-Mayer) which is confirmed to within a couple of orders of 
magnitude through a number of reported measured values [48]-[50]. There is 
ongoing work to create fluorophores with much higher cross-sections [51], [52]. 
In reality the likelihood of absorption is also governed by parity rules, which are 
not addressed here [28]. 

When imaging a thin sample (less than the Rayleigh range for a Gaussian 
beam) with CW excitation the time averaged two-photon fluorescence intensity 
can be approximated with 

(2.2) 

where ~ is the two-photon cross-section (which includes the absorption cross
section as well as the quantum efficiency for radiative emission), Pavg is the 
average excitation power, IL is the excitation wavelength, c is the speed of light in 
a vacuum, Cis the dye concentration in the illuminated volume, n is Planck's 
constant divided by 2n (1.055 x w-34 J·s), and NA is the numerical aperture of the 
objective lens [22]. Imaging a thin sample with a pulsed laser, the time averaged 
two-photon fluorescence intensity is approximated with 

(2.3) 

where ; is the FWHM of the pulse width, fP is the repetition rate of the laser 
system and gp is a correction factor that is described below [22]. A study of these 
equations shows why a pulsed laser system is much preferred when imaging with 
two-photon fluorescence. Given a pulse duration of 1 ps, a repetition rate of 100 
MHz and an average power of 10 m W a CW source would require 1 W of average 
power to generate the equivalent fluorescence signal. At these powers sample 
heating would be an issue even though the sample is relatively transparent at the 
wavelengths being used. 

When discussing the scaling of the fluorescence with the square of the 
intensity it is important to note that it is the square of the laser pulse intensity and 
not the square of the average intensity that is being discussed, or, in other words 
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(2.4) 

Most measurement devices give the average power, (l(t)), so a correction, gp, must 
be made to account for the discrepancy [49]. This factor gp depends only on the 
shape of the laser pulse and the pulse duration. 

(2.5) 

For the sake of simplicity the temporal shape of the laser pulse will be assumed to 
be Gaussian in all cases. This is not in fact known, however, it will be sufficient 
for the comparisons to be performed. Evaluating Equation (2.5) yields a 
correction factor of 0.664 for a Gaussian shaped pulse, however, because all the 
sources are assumed to be Gaussian, the correction factor will get cancelled when 
relative comparisons are made. 

When generating fluorescence from a bulk sample (where the thickness is 
much greater than the focal depth/ Rayleigh range) it is necessary to integrate over 
the full volume of the focal region. As has been shown by Xu and Webb in [49], 
the time averaged generated fluorescence no longer depends on the numerical 
aperture of the focusing lens or beam waist. The approximate equation governing 
the time-averaged fluorescence generated in a bulk sample excited by a pulsed 
beam with a Gaussian mode profile is 

(2.6) 

where n is the index of refraction of the medium (Xu and Webb also present a 
similar equation for uniform illumination of the lens). This can be understood by 
appreciating that while the intensity of the fluorescence generated at the focal spot 
is lower for a larger beam waist than for a smaller one, the fluorescence is 
generated in a larger volume. Integrating over the entire illuminated volume 
exactly compensates for the reduced fluorescence at the beam waist. Of course in 
a practical measurement situation the ability to collect the fluorescence is as 
important as generating it. For an ideal TEM00 Gaussian beam, -87% of the 
fluorescence is generated within ten Rayleigh ranges (related to the beam waist 
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and defined in more detail in Section 5.4) centered on the focal spot. This length 
can be expected to be less than 25 ~-tm for a microscopy situation. Modest 
changes in the beam waist should not significantly impact the fluorescence 
collection efficiency of the measurement system. 

The likelihood of two-photon absorption is partially governed by the 
degree of alignment of the absorption dipole of a fluorophore molecule with the 
polarization of the excitation light [53]-[55]. This dipole is fixed with regard to 
the orientation of the molecule. Depending on the nature of the experimental 
setup, this relationship could influence observations. Similarly, the emission 
polarization is dependent on the orientation of the emission dipole of the 
molecule. The emission anisotropy is a measure of the degree to which the 
emission polarization is parallel to the excitation polarization [53]. In the case of 
a fluorophore dissolved in a liquid the molecule can freely rotate. The anisotropy 
is then largely a function of the ease with which the molecule can rotate and the 
fluorescence lifetime. Given enough time, the free molecule will rotate in a 
sufficiently random manner to make the emitted fluorescence essentially isotropic 
and unpolarized. In experiments described in Chapter 6 the fluorescent dye 
Rhodamine 6G is used. It has a fluorescence lifetime of - 4 ns [56], and is 
dissolved in a non-viscous solvent (methanol) at room temperature. Given the 
lifetime and the solvent the molecules will rotate sufficiently during the 
fluorescence lifetime to make the emitted light isotropic. This qualitatively agrees 
with observations where the generated fluorescence signal was independent of the 
input linear polarization. 

There has been much work on trying to determine the ideal pulse regime 
to minimize photodamage and maximize the fluorescence signal. At moderate 
excitation intensities the damage appears to be driven by a quadratic process [26], 
[57]. In other words it scales as Y./r, the same as the fluorescence. This means 
that at moderate excitation rates a short pulse and low average power is equivalent 
to a longer pulse and higher average power in terms of photodamage and 
fluorescence signal [26], [57]. This is important in determining what types of 
criteria are required for a two-photon excitation source. 

2.4.3 Resolution 

A common method of comparing the performance of optical microscopes 
is to study their point spread functions (PSF). A PSF is an image of the ideal spot 
which can be generated with an optical system [58]. A thorough derivation of the 
three-dimensional field intensity at the focus of a well corrected lens with uniform 
illumination can be found in Born and Wolf [59]. The PSF can also describe the 
probability of an emitted photon being recorded by a point detector (such as a 
confocal pinhole) on the image plane of the microscope. The theoretical 
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resolution of a microscope can be defined as a combination of the illumination 
PSF and the detection PSF. In a conventional laser scanning fluorescence 
microscope (i.e. no confocal pinhole) there is no PSF associated with the detector 
since there is no point-wise detection. In the case of a two-photon microscope the 
fluorescence intensity is proportional to the square of the excitation intensity and 
so the illumination PSF is the square of the illumination PSF of the one-photon 
case. It can also be advantageous to use a confocal aperture when using a two
photon excitation source. The illumination and detection PSFs are independent of 
one another and so the overall PSF of the microscope is the product of the two 
[60]. 

Conventional one-photon microscope PSF = PSFm 
Confocal one-photon microscope PSF = PSFmPSFdet 
Conventional two-photon microscope PSF = PSFm PSFm 
Confocal two-photon microscope PSF = PSFm PSFm PSFdet 

(2.7) 

Table 2-1 lists some example theoretical resolutions for the different types of 
microscopes [58]. The sample being imaged is a point-like sample of the 
commonly used biological probe - enhanced fluorescent green protein (eGFP). 
The system characteristics were defined as the following: one-photon excitation 
wavelength of 488 nm, two-photon excitation wavelength of 900 nm, and an 
emission wavelength of 520 nm. 

Table 2-1: Theoretical axial and lateral resolution of different microscopes when imaging a 
point-like eGFP dyed specimen [58]. 

Microscope Lateral Resolution (!J.m) Axial Resolution (!J.m) 

Conventional 1-p 0.23 0.88 

Confocal1-p 0.16 0.65 

Conventional2-p 0.28 1.07 

Confocal2-p 0.18 0.72 

In a thicker sample, where confocal and two-photon configurations would 
be used, the conventional single-photon setup would offer no axial discrimination. 
In the ideal case it is clear that a one-photon confocal setup provides superior 
resolution than both types of two-photon setups. The difference is not likely to be 
as large in reality because the axial resolution depends strongly on the diameter of 
the confocal pinhole [20]. In a confocal setup it cannot normally be reduced to its 
ideal size due to the corresponding reduction of signal [ 61]. In a turbid sample the 
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effect is even more pronounced [62]. However, the loss of lateral resolution is the 
cost of the longer wavelength being used to excite the sample and image deeper 
within it. Two-photon confocal microscopy improves the resolution of the 
microscope but with a corresponding loss of imaging depth as the confocal 
pinhole eliminates the ability to detect scattered fluorescence photons. A confocal 
pinhole is not normally used with a TPFM as there is not an abundance of signal 
that can be sacrificed. However, with increased integration time it can improve 
the signal to noise ratio over conventional TPFM [63]-[65]. As in many other 
aspects of science there are tradeoffs to be made when selecting a type of 
microscope to use. The single-photon approach provides greater resolution but 
the two-photon system gives access to greater depth. 

There has been work on improving the resolution performance of a two
photon microscope. One technique with the most dramatic results, 4Pi-confocal 
microscopy has yielded an axial resolution of 80 nm while lateral resolutions of 
100 nm have been achieved [9]-[12]. This is at the cost of increased complexity 
of the imaging system. 

2.5 Conclusion 

Two-photon microscopes offer a number of advantages over single-photon 
confocal microscopes such as simpler fluorescence collection arrangements, 
potentially reduced phototoxicity and photobleaching, improved imaging depth 
and easier access to shorter wavelength dyes. However, it lacks the ideal 
resolving power that a single-photon confocal microscope can provide. In 
practice the resolution difference is not likely to be large due to mitigating factors 
in the implementation of the microscope. 
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Chapter 3 Excitation Sources 

3. 1 Introduction 

For the majority of the experiments performed in this work there were 
three principal optical sources used: a mode-locked titanium sapphire 
(Ti:Sapphire) laser and a mode-locked semiconductor diode laser amplified by 
either a semiconductor optical amplifier (SOA) or a ytterbium-doped fibre 
amplifier (YDFA). The Ti:Sapphire laser is generally the source of choice for 
two-photon applications and is considered the bench mark against which the two 
amplified sources are compared. Though the physics of operation of the 
Ti:Sapphire laser, diode laser, the SOA and the fibre amplifier were not a focus of 
this research, some general information will be presented in this chapter. 

3.2 Mode-locked semiconductor laser oscillator 

In this section the pulse generation technique and design properties of the 
mode-locked semiconductor laser will be discussed. The oscillator described here 
is used to seed both the SOA and the YDFA. 

3.2.1 Mode-locking 

Diode lasers as a source of short pulses of light have been explored to a 
great degree [ 66]. The advantages of this technology over other short pulse 
sources such as solid state and dye lasers are their much lower cost, smaller size, 
tunability, efficiency and simpler operation when high powers and sub 500 
femtosecond pulses are not required. (Shorter pulses have been demonstrated but 
are not easily achieved.) 

There are a number of techniques to generate short pulses of light from a 
semiconductor source, including gain-switching, Q-switching and mode-locking. 
Each offers some advantages. Gain-switched devices are easy to fabricate, Q
switched devices can generate high pulse energies, and mode-locked devices 
generate shorter pulses with a more stable pulse train [67], [68]. Here the 
principles of mode-locking will be briefly described. 

A standard Fabry-Perot laser will tend to lase on a number of wavelengths 
that correspond to the standing wave modes within the device. The spacing of 
these modes is governed by the length of the device as well as its refractive index 
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8m= J'Cc 

nL (3.1) 

where 8m is the frequency spacing, c is the speed of light, L is the device length 
and n is the group refractive index of the device. The number of modes on which 
the device will lase depends on the gain bandwidth. The modes will exist where 
the gain exceeds the loss. The output electric field, E(t), of the device consists of 
the sum of each of the lasing modes and is given by 

m (3.2) 

where Am is the mth mode amplitude, ~ is the center frequency, and ¢m is the 
phase of the mth mode. Typically, the phases between modes are random and the 
output is approximately constant. If, however, the relative phases can be locked 
together such that 

(3.3) 

then the output will be a series of short pulses of light described by the equation: 

(3.4) 

where M is the number of locked longitudinal modes and t1 = t + 8rjY8m [67]. If 
we assume 20 locked modes the electric field squared as a function of time of the 
laser would resemble Figure 3-1. The time between pulses is dictated by the 
cavity round trip time given by 

T= 2Ln 
c 
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Figure 3-1: Simulated mode-locked pulse train with 20 locked modes. 

3.2.2 Methods of mode-locking 

There are three principal ways to mode-lock a diode laser: active, passive 
and hybrid. Active mode-locking is achieved by applying an external RF source 
in conjunction with a base DC signal to the gain region of the device. By 
modulating the signal at the frequency corresponding to the round trip cavity time, 
side bands are produced for each of the Fabry-Perot modes. As a consequence of 
this the phases of the different modes are locked together. Due to the small size 
of the typical semiconductor devices, -300-1000 J..Lm, the required modulation 
frequency is greater than 100 GHz which is not trivial to achieve in practice. In 
order to reduce the repetition rate, the diode laser can be coupled to an external 
cavity to reduce the required driving frequency to something more manageable 
[69]. 

A passively mode-locked device, as the name suggests, is a device that 
achieves mode-locking in the absence of an external modulation source. 
Typically, a saturable absorber is placed within the laser cavity and provides the 
means to modulate the loss of the entire resonator. In the absence of an optical 
pulse, the loss exceeds the gain. When a pulse does pass through the absorber 
section the leading edge experiences loss and saturates the absorber. In passive 
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mode-locking it is necessary for the absorber to saturate and recover more quickly 
than the gain. The fast recovery prevents the build up of spontaneous emission 
between pulses. The loss experienced by the leading and trailing edges of the 
pulse ensures that only the region near the peak of the pulse experiences gain, 
resulting in shorter pulses. In the steady state condition this shortening is limited 
by pulse stretching phenomenon such as self-phase modulation, the gain response 
of the laser and dispersion [70]. A final requirement is that the unsaturated gain 
of the device needs to be greater than the unsaturated loss. This allows laser 
action to begin upon startup. 

Hybrid mode-locking is a combination of both active and passive mode
locking. A saturable absorber is incorporated into the device and an external RF 
field is applied to the gain region. Here the device benefits from the stable 
pulsing of active mode-locking as well as the pulse shortening effect of passive 
mode-locking 

3.2.3 Diode design 

The semiconductor sources used in this work were developed by Mike 
Brennan and Andrew Budz. The development and performance of the devices has 
been reported in previous work [2], [71]. The devices used in experiments are 
ridge waveguide single quantum well devices operating in the 1065-1090 nm 
regime. The devices are grown lattice matched on a GaAs substrate with a 6 nm 
thick InGaAs quantum well, 110 nm GaAs barriers and 1370 nm InGaP cladding 
layers using the gas source molecular beam epitaxy facility at McMaster 
University. The devices were processed using photolithography and chemical 
wet-etching. The ridge width was between 3 and 4 J.lm. 

To allow for passive mode-locking a saturable absorber is monolithically 
incorporated onto the semiconductor chip. The two-contact device allows for a 
positive bias to be applied to a large gain section of the device while a negative 
bias is applied to the smaller section such that it operates below its transparency 
regime and functions as the saturable absorber. It is clearly necessary that there 
be strong electrical isolation between the gain and absorber sections. This is 
achieved by wet etching a gap in the ridge and having the material below the etch 
stop behave as the insulating material. Larger gaps in the ridge provide greater 
electrical isolation but reduce the mode confinement of the light within the 
waveguide. Essentially, under the gap there is no optical confinement in the 
lateral direction and if the gap is too large the loss in the cavity will inhibit lasing. 
An etched gap of 10 J.lm provides a compromise between the two requirements. 
The gain section has a length of 800 J.lm while the absorber section has a length of 
90 J.lm. 
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Figure 3-2: Schematic of two-contact single 1075 nm quantum-well oscillator with bent 
waveguide and angled facet. 

3.2.4 Waveguide and facet 

As mentioned previously, mode-locking a 900 ~m device results in very 
high repetition rates. In order to reduce this to below 1 GHz an external cavity is 
used. Operating issues arise when coupling the light from the diode chip into an 
external cavity. In the simplest configuration a cleaved device is setup such that 
light that is emitted from the rear facet is reflected back into the diode by an 
external mirror or diffraction grating that is placed some distance away (about 25 
em in this case). The inherent reflection from a rear diode facet is 30%; the result 
would be that the mode-locked device would operate as if it had two rear 
reflectors and therefore a number of cavities, which would cause a hybrid 
operation between the high repetition rate chip cavity and lower repetition rate 
external cavity. Steps must be taken to attenuate the reflection from the rear facet 
of the diode. 

A first step is to apply an anti-reflection coating. The reflectivity must be 
reduced to below 104 to suppress the Fabry-Perot modes of the chip [73]. Using 
a single layer SiOxNy anti-reflection (AR) coating the practical minimum 
achievable reflectivity is -104

. However, the bandwidth over which the low 
reflectivity applies is typically smaller than what is required to allow for 
wavelength tunable mode-locking. It is possible to apply multiple layer AR 
coatings to further broaden the bandwidth. However, these are difficult to grow 
and suffer from greater variability between devices. Another straightforward 
approach to reduce the facet reflectivity is to angle the facet such that the light 
that reflects off it is not coupled back into the waveguide. An angled facet can 
reduce the modal reflectivity to 10-2 on its own [72]. A straightforward method of 
achieving an angled facet is to modify the design of the device so that the 
waveguide is not normal to the cleaved facets. This approach is not attractive in 
this case because having an angled front facet would require both ends of the laser 
to be coupled to an external cavity which increases the complexity of the device 
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while reducing its robustness. The chosen solution in this situation is to 
implement a bent-waveguide design. This allows for an angled facet at one end 
and a normal facet at the other. This can be seen in Figure 3-2. The angle the 
back facet makes with the normal is 7°, which corresponds to a radius of 
curvature of 5700 Jllil. A single layer AR coating is added to the angled end to 
suppress the reflectivity to the desired level. 

3.2.5 External cavity 

As stated previously, an external cavity was used to reduce the operating 
frequency of the oscillator and provide the ability to tune the wavelength. The 
external cavity was approximately 25 em in length. This was short enough so the 
device could operate at the fundamental frequency ( -600 MHz) when passively 
mode-locked and long enough to allow hybrid mode-locking. If the cavity length 
was made much longer the devices tended to operate at higher harmonics of the 
fundamental round-trip frequency. The external cavity reflector could either be a 
mirror or a diffraction grating. In general, when a mirror was used, greater 
bandwidths would be observed along with shorter pulses. However, due to the 
large bandwidth being coupled back into the device it would lase on multiple 
wavelengths as well as make the output less stable; it would tend to jump between 
harmonics and appear to 'restart' the mode-locking process frequently. For most 
experiments a 600 lines/mm grating was used in the external cavity. This 
provided enough feedback to produce pulses of approximately 5 ps in duration 
while still forcing operation at one wavelength. The grating also seemed to 
produce the most stable outputs. A 1200 lines/mm grating was also tested. 
However, the reduced bandwidth yielded pulse durations that were too long for 
TPF work and the average output power suffered due to the increased loss of the 
external cavity. 

3.2.6 Typical operating conditions 

Typical operating parameters for the -1075 nm oscillator are mode-locked 
pulses of duration between 1- 10 ps with a fundamental repetition rate of -550-
700 MHz (and multiples of this when operating at higher harmonics). Observed 
bandwidths are between 2-5 nm, the average mode-locked output power is 
between 0.25- 1.5 mW, and the operating wavelength ranges from 1070 nm to 
1085 nm. 

During the time over which the measurements reported in this thesis were 
made, a single laser oscillator was used for the majority of the work. The 
performance of this device degraded with time. While performing earlier 
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measurements, it was relatively easy to obtain good quality mode-locking with 
pulse durations of 2-3 ps and an average power of 1 mW. When later 
measurements were made it was much more difficult to obtain quality mode
locking. Pulse durations were longer (6-10 ps) and the average power was 
reduced to less than 0.5 mW. This is why, in work described later in this thesis, 
sometimes very good results are presented and at other times it is stated that good 
quality mode-locking could not be achieved. 

Selected results from the mode-locked oscillator can be found in Appendix 
A. 

3.3 Semiconductor optical amplifier 

The peak power and pulse energy of a mode-locked oscillator is too low to 
be reasonably able to perform any two-photon experiments; it is therefore 
necessary to amplify the signal. A straightforward method to achieve power gains 
is to employ a semiconductor optical amplifier. An SOA is advantageous over 
other types of optical amplification due to its small size, ease of fabrication, easy 
matching of gain peak with that of the oscillator and the fact it is electrically, as 
opposed to optically, pumped. This last advantage is important as it simplifies the 
operation of the device by reducing the number of components required for 
operation. The SOA is fabricated with the same material structure as the 
oscillator. The device operates in a single pass manner such that internal 
reflections must be suppressed at both the input and output ends to eliminate 
Fabry-Perot modulation of the amplified signal. To achieve this, 5° angled facets 
and a single layer SiOxNy AR coating are applied to both ends with similar results 
to those obtained for the oscillator. 

To increase the amount of power that can be extracted from the SOA it is 
necessary to increase the gain volume. To maintain its suitability as a source for 
two-photon excitation the volume needs to be increased without significantly 
diminishing the mode quality of the beam. A common method of achieving this is 
by incorporating a flare into the active region [74], [75]. In the devices used in 
experiments there is a 310 J.Lm long narrow section followed by a 1390 J.Lm long 
2° flared section. The width of the waveguide in the narrow stripe region is 3 !J.m 
and is 52 !J.m at the flared end. A schematic is shown below in Figure 3-3. 
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Figure 3-3: Top down schematic of the flared semiconductor optical amplifier. 

Typical amplified powers were -35 mW. The amplification had minimal 
effect on the duration or wavelength of the pulse [4]. However, there was some 
degradation of the beam quality, especially in the lateral (flared) direction but it 
was still sufficient for the desired applications. 

3.4 Ytterbium-doped fibre amplifier 

Ytterbium-doped fibre amplifiers (YDFAs) have been receiving a great 
deal of interest recently as a means of generating and amplifying short optical 
pulses. Indeed the interest in the YDFA was a driving force in the group's 
development of the 1075 nm oscillators and SO As. 

3.4.1 Introduction 

The core of a silica glass fibre is doped (hundreds to thousands of parts per 
million by weight) with Yb atoms which become triply ionized in the glass matrix. 
The ions are optically pumped into an excited state where they will typically 
radiatively decay either by spontaneous or stimulated emission back down to the 
ground state. The gain from Yb-doped fibres ranges, for practical purposes, from 
970 - 1200 nm which makes them well suited as sources for two-photon 
applications. Part of the attractiveness of the Yb-doped fibres over other rare
earth doped fibres such as erbium, neodymium and praseodymium is the simple 
electronic structure that consists of two manifolds, the ground 2F712 and excited 
2F512 that are separated into four and three Stark levels respectively. The two 
manifolds are separated by -10 000 cm-1 which precludes a number of undesirable 
effects that reduce the quantum efficiency of the medium. Examples of such 
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effects are non-radiative multiphonon decay into the silica host, excited state 
absorption and concentration quenching [76]. The lack of concentration 
quenching allows the fibre to be highly doped, which permits higher gain in 
shorter lengths of fibre. The small energy defect between the pump and emission 
wavelengths of the Yb-doped fibre reduces heating of the host media and 
increases the energy conversion efficiency. The wide absorption and emission 
spectra make Yb-doped fibres suitable for short pulse amplification and the high 
saturation fluence permits high peak powers [77]. The absorption and emission 
spectra are both dominated by a prominent peak at 975 nm. A broader secondary 
absorption peak is centered at -920 nm and a secondary broad fluorescence peak 
is centered at -1030 nm [76], [77]. When amplifying beyond the primary 975 nm 
emission peak, it is still possible to obtain substantial amplification by increasing 
the interaction length, i.e. using a longer fibre. 

The straightforward approach to achieving the necessary population 
inversion for amplification is to couple the pump light into the core at one end of 
the fibre and the laser seed signal at the other end. At pump powers below 1 W 
this direct approach works well because the guided pump signal largely overlaps 
with the doped core of the fibre. The strong overlap yields the benefit of reducing 
the required interaction length as the pump will be efficiently absorbed. Above 1 
W there is an increased likelihood of damage to the facet of the fibre due to the 
tight focus required to couple into the small core of a single-mode fibre. A 
solution to this problem is the so called double-clad fibre, whereby the core is 
surrounded by an inner and outer cladding. Only the core is doped with Yb ions 
and the signal wave is coupled into it and amplified. The pump beam is coupled 
into the larger multimode inner cladding which has a diameter of >100 J..Lm. The 
modes of the inner cladding overlap to a degree with the doped core where the 
pump can be absorbed by the Yb ions. In this configuration it is possible to 
couple in much higher pump powers which allows for much greater amplified 
signals. The required interaction length is much longer than for a single cladding 
fibre because the absorption per unit length is reduced by roughly the ratio of the 
inner cladding to the core areas [76]. Aside from the greater available 
amplification other advantages of the double-clad fibres include the ability to 
pump with multimode diode bars, improved launch efficiency and reduced 
alignment sensitivity. 

In the amplifier configuration sub-picosecond pulses as short as 80 fs [7] 
have been amplified to greater than 75 W average power with peak powers of 
greater than one megawatt [6], and pulse energies of several millijoules [78]. 
Another group has demonstrated the amplification of a 1060 nm gain-switched 
diode to an average power of 11.1 W with a post-compression pulse duration of 
20 ps at a repetition rate of 1 GHz [5]. 
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3.4.2 Selected Vb-doped fibre amplifier results 

The results discussed in this thesis were obtained from an 18 m double 
clad Yb-doped fibre. The fibre was end pumped with a diode laser delivering a 
maximum of 2.5 W at -971 nm which is close to the peak absorption wavelength 
for an Yb-doped fibre. The fibre was seeded with the mode-locked diode laser 
described in Section 3.2, operating at -1075 nm where there is low absorption but 
relatively strong gain. With a fibre as long as 18 m the gain spectrum of the fibre 
shifts to the red as a result of re-absorption and the gain peak should be close to 
the operating wavelength [79]. A 2m long single-mode fibre was spliced to the 
non-pumped end of the Yb-doped fibre to facilitate coupling of the mode-locked 
diode seed into the amplifier and to prevent the unabsorbed pump light from being 
coupled back into the mode-locked diode laser. Both ends of the spliced fibre 
were cleaved at an angle of go to reduce facet reflectivity. This minimized the 
likelihood of unwanted lasing at low seed powers. The amplified signal was 
obtained from the pump end of the fibre and was separated by a dichroic mirror. 

Over the time during which the Yb-doped fibre amplifier measurements 
were being made, the average output power of the mode-locked oscillator 
declined from approximately 1 mW to 300 ~-tW. This had a marginal impact on 
the amplified output powers. Also, at some point in time it appears that the fibre 
was damaged. The maximum achievable average output power declined from 
650 mW to 450 mW. The damage mechanism is not well understood. A seed 
coupling efficiency of -40% into the single mode fibre was observed. A typical 
average available pulsed power (pre-damage) was -650 mW with post
amplification pulse durations of between 4 and 10 ps. Pulse stretching can be 
observed on the output pulses due to normal group velocity dispersion within the 
fibre. The dispersion of the fibre as well as some of the initial chirp on the pulse 
can be compensated with a modified single pass grating pair compressor. A 
compressed pulse duration of 860 fs was observed. Because the fibre induced 
dispersion can be compensated, the duration of the final compressed pulse is 
largely dependent on the characteristics of the pre-amplified pulse. With this is 
mind compressed pulse durations closer to 500 fs should be with a more typical 
laser oscillator. Obtained results are illustrated in Figure 3-4. Taking into 
account the loss of the compressor the peak power of the 860 fs pulse is -750 W. 
The coupling efficiency of the pump beam into the double clad fibre was 
measured to be -70%. Losses to the amplified signal from the collimating lens as 
well as a dichroic mirror were measured to be approximately 15%. With these 
effects taken into account a plot of amplified power as a function of pump power 
is given in Figure 3-5. It is clear from the graph that given more pump power it 
would be possible to generate more amplified signal. However, there is a limit to 
this due to the low average powers from the mode-locked diode and the somewhat 
low coupling efficiency ( -40% ). A significant increase in the pump power will 
prevent the seed from suppressing the amplified spontaneous emission (ASE). 
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The ASE will reduce the gain available to amplify the seed pulse while at the 
same time generate an unwanted broadband (essentially) CW signal. With the 
system operating at its best, the ASE was fully suppressed when - 1 mW of 
average power was used to seed the fibre and the maximum available - 1.4 W was 
used to pump the fibre. When the seed power was reduced to -250 ~m the ASE 
on the output signal started to become an issue. Therefore, given a m W of seed 
power it should be possible to scale up the output power by a factor of 3 before 
the ASE is no longer suppressed (provided a more powerful pump diode is 
available). To go beyond that, a more powerful seed or pre-amplification would 
be required, either from an SOA or a low power Yb-amplifier. However, for the 
purpose of the two-photon experiments performed here, there is sufficient power 
in the current setup. 
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Figure 3-4: Second order intensity autocorrelation traces of the mode-locked oscillator pulse 
(Seed), seed pulse amplified with a Yb-doped fibre (Amplified) and the amplified pulse 
compressed (Comp Amp) with a modified single pass grating pair compressor. Stated pulse 
durations assume a Gaussian temporal profde. 
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Figure 3-5: Output power as a function of launched pump power for Yb-doped fibre 
amplifier seeded with a passively mode-locked diode oscillator operating at 1077 nm with a 
repetition rate of 690 MHz and an average power of 930 J.LW. Pump power is the estimated 
energy coupled into the fibre. The line is a linear least squares fit to the data. 

3.5 Titanium sapphire laser 

The titanium sapphire laser is a popular laser source for work requiring 
tunable short pulses of light such as micro-machining, atomic spectroscopy and 
non-linear applications. The gain medium is a sapphire (Ah03) crystal doped 
with titanium ions. The Ti3+ ions are responsible for the lasing mechanism in the 
crystal. The crystal is grown by introducing Tiz03 into the Ah03 melt. A small 
number of the aluminum ions are replaced with Ti3+ [80]. Titanium ion 
concentrations are on the order of 2-10 x 1019 cm-3 [81]. The sapphire crystal host 
field splits the electronic ground state of the titanium ions into two broadened 
levels, the ground and excited bands [82]. The crystal exhibits a relatively broad 
absorption (400-650 nm) and emission range (600-1050 nm) [82]. The available 
tuning range is limited to 650-1050 nm due to overlap of the absorption and 
emission spectra between 600 and 650 nm. 

The population inversion of the Ti:Sapphire crystal in the Spectra-Physics 
Tsunami laser used in these experiments is achieved by focusing a frequency 
doubled neodymium vanadate pump laser into the Ti:Sapphire crystal. The tight 
focal region generates a localized inversion within the crystal which is easier to 
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maintain than pumping of the entire crystal. Wavelength tuning is achieved by 
spectrally dispersing the beam with a pair of prisms and selecting the desired 
wavelength range with a movable slit. The light is then collimated after another 
identical prism pair. All wavelengths not able to pass through the slit experience 
significant loss and are therefore absent from the emission spectrum of the laser. 
The width of the slit can also be adjusted to change the emission bandwidth (and 
also the temporal width of the pulse) of the laser. The prisms also compensate for 
group velocity dispersion that is introduced by the other optical elements as well 
as the Ti:Sapphire crystal allowing pulse durations as short as 80 fs to be 
obtained. 

Pulse generation is achieved by a variation of active mode-locking known 
as regenerative mode-locking [83]. The active element used in the Tsunami 
Ti:Sapphire laser is an acousto-optic modulator (AOM). A standing acoustic 
wave perpendicular to the optic axis is maintained within a quartz crystal at a 
frequency corresponding to twice the round trip time of the laser cavity (in this 
case -80 MHz). The standing wave creates a time dependent index change within 
the quartz. Light that encounters the grating is diffracted out of the laser cavity 
creating the required periodic loss for active mode-locking. In the absence of the 
acoustic grating, light passes directly through the quartz crystal and is partially 
reflected by the output coupler on the other side of the AOM. It either returns 
through the crystal into the laser cavity or is not reflected and becomes the output 
beam. The difference between regenerative and active mode-locking is the 
inclusion of a feedback element. During the course of operation the cavity length 
can change by small amounts due to various effects such as temperature changes. 
This will negatively impact the quality of the pulses because unless the length 
changes are compensated for the cavity length will not match the standing wave 
frequency of the AOM thereby degrading the mode-locking. Feedback of the 
cavity length is achieved by splitting part of the output beam to a photodiode 
where the measured pulse frequency is used to drive the AOM and keep it 
synchronized with the laser cavity length. This will allow the system to maintain 
the quality of the output. 
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Chapter 4 General Experimental Setup 

In this section the layout of the various components with respect to the 
diagnostic and measurement equipment will be described. 

4. 1 Oscillator and SOA 

The configurational basics of both the oscillator and SOA have been laid 
out briefly in previous sections. A more detailed description will be made here. 

4.1.1 Device mounting 

The laser and the SOA are bonded to separate copper blocks with Epotek 
H20E silver epoxy. This ensures good electrical and thermal contact of the 
devices with the temperature controlled mounting base. The copper blocks are 
about the same thickness as the devices are long; this provides the greatest 
mechanical stability while minimizing interference of the block with the emitted 
light. Temperature is controlled by a thermoelectric cooler mounted to the fixed 
base. A more detailed description can be found in the PhD thesis of Michael 
Brennan [71]. 

4.1.2 Oscillator - SOA configuration 

In Figure 4-1 the operational layout of the oscillator-seeded SOA is 
shown. The diode laser is coupled to an external cavity where either a mirror or 
diffraction grating is used as the reflector. The bent waveguide is used to 
minimize the coupling of light reflected at the back facet into the waveguide. 
Light emitted from the oscillator passes through an optical isolator to the flared 
semiconductor amplifier. The isolator (a Conoptics Model 715, with the 730 
compensator) is necessary to prevent the amplified spontaneous emission of the 
SOA from being coupled back into the oscillator and disrupting the mode-locking 
or damaging the device. The facets of the SOA are angled and anti-reflection 
coated at both ends to increase the single pass efficiency of the device and to 
minimize any lasing. The flared waveguide increases the gain of the SOA 
without greatly changing the mode structure of the beam. The lateral dimension 
of the output end of the SOA is -50 !liD while in the transverse dimension it is -3 
!lm; this causes the divergence angle in the transverse direction to be much larger 
than in the lateral direction. A cylindrical lens is used in conjunction with the 
collimating aspheric lens to correct for most of the astigmatism caused by the 
difference in the exit waveguide dimensions [84]. 
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Figure 4-1: Schematic of oscillator and SOA setup used in experiments. The cylindrical lens 
after the SOA is to correct for astigmatism. 

4.1.3 Equipment 

Light was coupled into the SOA by an AR coated aspheric Thorlabs 
C330TM-B lens. The output lens of the SOA and both lenses of the oscillator 
were AR coated aspheric Thorlabs C230TM-B. Contact with the oscillator was 
made with two long fine-tipped probes. The bias to the absorber section was 
provided from a Keithley LV -2400 Source Meter while the current to the gain 
section came from an ILX Lightwave LDC-3724 Laser Diode Controller. The 
temperature of the oscillator was controlled with an ILX Lightwave LDT-5412 
Temperature Controller. The current and temperature control of the SOA was 
provided by an ILX Lightwave LDC-3900 Modular Diode Controller. 

4.2 Oscillator and Yb-doped fibre amplifier 

The layout for the oscillator and Yb-doped fibre amplifier is similar to that 
described in Section 4.1.2. Much of the equipment for the Yb-doped fibre 
amplifier was provided by Donna Strickland of the University of Waterloo as part 
of the ongoing collaboration between our two groups. 

4.2.1 Oscillator - Yb-doped fibre configuration 

Figure 4-2 gives a layout of the YDFA setup. The layout of the oscillator 
is the same as is described in Section 4.1.2. The maximum average amplified 
optical powers generated by the YDFA in this setup are more than an order of 
magnitude greater than those obtained for the SOA. As such, care must be taken 
to ensure that back traveling light (toward the oscillator) is strongly attenuated. 
Two isolators (Conoptics Model 715, one has the 730 compensator) are used in 
this arrangement because attenuation of these isolators is wavelength dependent 
and there are two separate wavelength regimes that must be minimized. The first 
is the broad bandwidth spontaneous emission from the pumped fibre which peaks 
at around 1070 nm. The second is the backwards traveling amplified signal which 
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has a wavelength of -1075 nm. Depending on the quality of the cleave at the 
pump end of the fibre, the back traveling signal can be substantial and both 
isolators are needed to reduce the power to an acceptable level. 

The necessary population inversion in the core was generated by counter
directionally pumping with a laser diode. It is capable of producing 2.5 W at 970 
nm. It was observed that approximately 10% of the pump is lost at the 
microscope objective and 70% of the light incident on the fibre is coupled into the 
inner cladding. The power supply was a Laser Drive Inc. LDI-820. The left-most 
dichroic mirror in Figure 4-2 reflected light at the 1075 nm amplified signal 
wavelength and allowed the 970 nm pump beam through. The right-most dichroic 
mirror in Figure 4-2 was put in place to further minimize the amplified signal that 
might travel back into the pump diode and damage it. 
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Figure 4-2: Schematic of oscillator and Yb-doped Fibre amplifier layout used in 
experiments. The single mode fibre facilitates the coupling of the mode-locked laser into Yb
fibre core. 

4.2.2 Fibre description 

The doped fibre is a Nufem SM YDF-5/130 single-mode ytterbium-doped 
double clad fibre and is approximately 18 m long. With this type of fibre the 
pump laser beam is coupled into the 130 (.tm diameter inner cladding of the fibre 
while the seed beam is coupled into the 6.5 (.tm mode field diameter single-mode 
core. In practice, it can be difficult to couple the seed beam into the core (where 
the fibre is doped) and not into the cladding. A Thor Labs single-mode fibre of 
similar core diameter was fused to the oscillator end of the Yb-fibre. In this way 
efficient coupling can be achieved by maximizing the amount of seed beam power 
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emitted from the pump diode end of the fibre. It also serves a secondary purpose: 
pump power that is not absorbed by the Yb-doped fibre is scattered away at the 
splice because there is no waveguiding counterpart to the inner cladding in the 
single-mode fibre. The loss at the splice for the seed beam was around 0.2 dB. 
The ends of the single-mode and Yb-doped fibres were cleaved with an 8° angle 
to minimize reflections at the facets. With a normal cleave the fibre has sufficient 
gain that it would lase with the 4% reflection of the facet ends and a moderate 
pump power. Seed laser light was coupled into the single-mode fibre with a Thor 
Labs TM230-B AR-coated aspheric lens. The pump signal was coupled into the 
fibre with a lOx microscope objective. 

4.3 System characterization equipment 

A generalized layout of the various optical sources and diagnostic 
equipment is given in Figure 4-3. The titanium sapphire laser used in the 
experiments described in the following sections was a Spectra Physics Tsunami 
laser pumped with a Spectra Physics Millennia pump laser. The Ti:Sapphire laser 
generates an output of about 600 m W of average power at a repetition rate of 80 
MHz and pulse duration of -80 fs. A portion of the beam is tapped to an 
amplifier which reduces the available power. The beam also passes through an 
optical isolator which further reduces the power and stretches the pulse in time. 
After the beam splitter and optical isolator, the beam properties have changed 
such that the average power has been reduced to approximately 220 m W and the 
pulse duration has been stretched to -200 fs. Each junction in the different optical 
paths of Figure 4-3 are switched by either a removable or articulated mirror 
mount. 
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Figure 4-3: Generalized experimental setup for pulse diagnostics of the three principal 
sources. Optical junctions are switched by removable or articulated mirror mounts. 
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4.3.1 Autocorrelator 

Pulse durations were measured with a standard Michelson interferometer 
autocorrelator setup [85]. A diagram of the schematic is presented in Figure 4-4. 
The beam is split by a Newport 50/50 beam splitter. One path is reflected by a 
fixed retroreflector and the other retroreflector is on a movable Oriel Encoder 
Miocrometer, model 18254. The recombined beam is focused through a 1 mm 
thick beta barium borate crystal that has been cut for a wavelength of 1000 nm. 
Anti-reflection coatings have been applied to the crystal for wavelengths of 1000 
nm and 500 nm. The re-collimated second harmonic beam passes through a 
short-pass filter to remove the fundamental wavelength signal. The second 
harmonic signal is detected with a 1P28 Hamamatsu photomultiplier tube. The 
signal is amplified in a Stanford Research Systems SR510 Lock-In Amplifier 
where it passes to a data acquisition computer. The movable interferometer arm 
and data acquisition is controlled by in-house software written in Visual C++ 6.0 
by Michael Brennan. More details of the physics and limitations of this 
measurement technique can be found in Vasil'ev [85]. 

' Non-linear 
BBO crystal 

Short-pass 
filter 

Lock-in 
amplifier 

Translation 

/ Retroreflector 
....___'?"""" __ __. 

Figure 4-4: Schematic of autocorrelator used for short pulse measurements. The top-right 
side of the beam splitter has an anti-reflection coating in this diagram. 
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Chapter 5 Beam Profile Measurements 

5.1 Introduction 

In order to compare the generation of two-photon fluorescence (TPF) 
signals, three excitation sources were used. The titanium sapphire laser was 
considered the standard because it is a well understood commercial device that 
can be expected to generate a reproducible and reliable train of short pulses with 
good beam quality. The other two sources are the SOA and the YDFA, both 
seeded with the output of the diode oscillator. The mode profiles of these three 
sources are different and can be expected to affect the focal spot size which in 
turn can change the TPF generation efficiency and/or resolution in a microscopy 
application. Characterization of the focal region of a helium neon laser was 
performed alongside the three two-photon sources in order to provide assurances 
that the values measured were of adequate resolution. A HeNe laser has a nearly 
perfect Gaussian beam profile that allows some confidence in using a model to 
predict its focal spot size. 

A standardized method of assigning a value to the quality of a laser beam 
is the M2 (read M-squared) parameter. It is essentially the ratio between the beam 
waist - divergence angle product of a real laser beam and an ideal one. The 
parameter is defined as 

M2 = Wo8 = _w_o8Jr_ 
wideall;deat A. (5.1) 

where Wideal is the beam waist of a perfect TEMoo, fJ;deal is the divergence angle of 
the ideal beam, wo is the waist of the real beam, and 8 is the divergence angle of 
the real beam [88]. An ideal laser beam is Rurely TEMoo with a Gaussian mode 
profile. This situation corresponds to an M value of one. Real world lasers do 
not have purely a TEM00 mode structure. Invariably some of the energy is carried 
in higher order modes and as such, these beams have M2 values greater than one 
[86]. Certain lasers, such as the helium neon laser, can come quite close to this 
ideal with an M2 value close to one. An M2 value greater than 1 has a negative 
impact on the ability to focus the beam tightly. The exact M2 value for the three 
sources is unknown, though it is assumed to be one for both the helium neon laser 
and the YDFA. In the case of the Ti:Sapphire laser beam, Spectra-Physics quotes 
the M2 value as being :5 1.2 out of the laser [87]. The M2 value of the SOA is not 
known but is expected to be significantly greater than one. An estimate of the M2 

value will be made from the data obtained in the beam waist measurements. 
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5.2 Experimental setup 

Spot size measurements were made by having a razor blade scan through 
the focal region using a computer controlled Onel Encoder Micrometer, model 
18254. The mtcrometer has a position resolution of 0.1 J..Lm. Light was focused 
using a Thor Labs C230TM asphenc lens with a focal length of 4.5 mm, an NA of 
0 55, and a working aperture of 4.95 mm. In order to locate the mtnimum spot 
size, a number of measurements on shces through the focal region were made by 
moving the razor blade in the direction of light propagation in -2.5 J..Lm sized steps 
near the beam waist and In 10 ~m steps further from the waist using a Newport 
460A linear stage. Optical power measurements were made with an Ophir PD-
300-3W With a detector size of 10mm x 10mm. The photodiode was 
approximately 6-7 mm from the razor blade to capture most of the light and 
minimize diffraction effects of the blade. The signal was fed directly into a data 
acquisition computer via an analog to digital converter A diagram of the setup is 
given in Figure 5-1. 

Razor 
Blade 

Encoder 
Micrometer 
Stage 

Figure 5-1: Schematic of spot size determination setup to make measurements in the lateral 
direction. Details of the individual source arrangements can be found in figures from 
Chapter 4. 

A razor blade was initially chosen due to Its durability and availability. 
The smoothness of the edge IS not expected to be a large contributor of error to 
the measurements. The edge of the blade _must be straight over only 10 ~m 
sections for the overall smoothness to not be a factor Qualitatively inspecting the 
blade under an optical microscope showed smooth sections punctuated by rougher 
areas. Using different parts of the blade to occlude the beam did not significantly 
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alter the measured results. In the future, however, it would likely be wise to use a 
cleaved wafer of InGaAs or Ge which has a more uniformly smooth and sharp 
edge. 

Assuming the optical axis is the z-direction, measurements were made in 
both the x- (lateral) andy- (transverse) directions. This enabled the investigation 
of the lateral and transverse focal spot properties. The data acquisition system 
was setup such that the blade traveled (perpendicular to the z-axis) at either 2 or 5 
~-Lrnls and -75 measurements were taken per second. Due to the nature of the 
acquisition system, a fixed sampling rate was unachievable. Instead the distance 
the stage traveled between acquired data points was recorded. Beam profile 
measurements were made with an Ophir BeamStar FX-66 CMOS beam profiler. 
The profiler has a maximum resolution of 1280 x 960 pixels with a pixel spacing 
of 7.5 !J.m. The area of the CMOS array is 9.6 mm x 7.7 mm. The spectral 
response is considered good from 350-1100 nm. 

5.3 Measurement of spot size 

To recover the focal point spot size and shape from the knife edge data a 
differentiation method was used. The differentiation method is susceptible to 
noise and smoothing techniques must be performed to obtain useful data. A 
program was written to take a subsection of data points (usually five) and average 
them to generate a new data point. A three-point differentiation was also 
performed to further smooth the data and regenerate the beam profile. Spot size 
measurements were taken to be the half-width at l!e2 of the maximum intensity 
value, w. The minimum beam radius at the focus is referred to as the beam waist, 
wo. Also, some of the beam profiles are not circular but instead are elliptical or 
asymmetric. It will be assumed that the x- and y- dimensions are independent of 
one another, meaning that the beam waist in the x- dimension can be predicted by 
considering only the width of the input beam in the lateral dimension. The same 
rationale applies to the y- dimension. In general this approach was successful in 
reconstructing the spot shape, especially in the focal region where the slope (and 
therefore the signal to noise ratio of the derivative) is largest. To confirm a 
reasonable accuracy of the retrieved beam waist, the values were compared to 
those generated when the measured data was fitted to an error function and the 
corresponding Gaussian shape was retrieved. This comparison was performed 
with the helium neon laser, the Ti:Sapphire laser, and the Yb-doped fibre 
amplifier where all the beam profiles are reasonably Gaussian in shape. 
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5.3.1 Error function fitting 

A common method of determining the beam waist of a Gaussian beam 
from a knife edge scan is to fit an error function to the measured data. The error 
function is related to the Gaussian function by the following relationship 

2 z 2 

erf(z)= r= Je-x dx 
-...JJC 0 (5.2) 

2 

where e-x generates the normal distribution. In reality a Gaussian other than the 
standard normal distribution (i.e. J.l = 0 and w = 1) is required to fit to the acquired 
knife edge data. A more general form of the distribution would be 

(5.3) 

where A is a normalizing value, w is the lle2 radius and J.l is the spatial position of 
the Gaussian function peak. The mean can be assumed to be at the position x 
where the knife-scan signal drops to half of its maximum value. This is 
reasonable because the Gaussian function is symmetric. Knowing J.l, it is possible 
to find w relatively easily using a simple search algorithm. Minimizing the least 

squares difference between the data and erf ( J2 (x-J.l)lw) yields the correct width 
because the numerator in the error function expression can be considered a 
constant (say m) in the fitting routine and so the expression erf(mlw) gives 

(5.4) 

So, by minimizing the squared difference between the data and the left side of 
Equation (5.4) the width of the beam at a given slice is correctly retrieved by 
varying w using a search algorithm. The error function fitting method is less 
sensitive to noise than the differentiation method, though a Gaussian must be a 
reasonable approximation of the beam profile. As will be seen with the SOA, it is 
not reasonable to assume a Gaussian profile. In that case the differentiation 
method will need to be used. 
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5.4 Helium neon laser beam waist measurement 

The beam profile of a hehum neon laser approximates very closely an 
Ideal Gaussian and so It would be a good case to test the spot size measurement 
system. The hehum neon laser (Melles Griot 05-LLR-811 - 632.8 nm) source was 
placed close to the measurement apparatus ( -65 em) and the beam Interacted With 
few optical (two mtrrors before lens) elements which preserved the integnty of 
the mode profile. An Image of the ReNe profile taken -10 em from the lens 
aperture Is given In Figure 5-2 (the profiler IS -55 em from the laser aperture) 
Structure within the beam Is Interference associated with the neutral density filters 
on the beam profiler 

Figure 5-2: Profile of helium neon laser beam. Fringe patterns and ripples are an artifact of 
neutral density filters. 

Cross-sections through Figure 5-2 Indicate that the mode quahty IS good In 
the lateral and transverse dtrections as can be seen in Figures 5-3 and 5-4, 
respectively The profiles are essentially Gaussian. 
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Figure 5-3: Lateral cross-section of the HeNe laser beam with an overlaid Gaussian tit. 
Noise is a result of interference from neutral density fdters used with the beam profder. 2w 
= 1.2mm. 
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Figure 5-4: Transverse cross-section of the HeNe laser beam with an overlaid Gaussian tit. 
Noise is a result of interference from neutral density rilters used with the beam prorder. 2w 
=1.3mm. 
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Gaussian fits performed on the cross-sections by the beam profiler software yields 
1/e2 diameters in the lateral and transverse directions of 1.2 nun and 1.3 nun 
respectively. Because the diameters are much less than the diameter ( 4.95 nun) of 
the lens it is reasonable to assume that the lens aperture is not the diffraction 
aperture. The thin lens approximation of the predicted spot size radius for an 
untruncated Gaussian beam is given by: 

w. 
Wo = ---;::======'===== 

[(1-; J +(:~! J] 
(5.5) 

where w0 is the radius of the spot size after focusing, f is the focal length of the 
lens, wi is beam waist of the input beam, s is the distance from the input waist to 
the lens and ZR is the Rayleigh range of the input beam [88], [89]. The Rayleigh 
range is the distance from the beam waist to the position where the beam has 

expanded to J2 times the beam waist. The equation for the Rayleigh range is 
given by 

1lW~ 
Z 

___ , 
R-

A (5.6) 

To predict the focused spot size it is therefore necessary to know the input waist 
of the beam. The specifications provided for the helium neon laser state that the 
nominal divergence angle, 28, is 1.70 rnrad and the output beam diameter is 0.47 
nun. Given the divergence angle, it is possible to determine the beam waist of the 
laser beam with the equation 

A, 
w.=-

' 7[(} (5.7) 

The calculated beam waist from the specified data is 0.237 nun (diameter of 0.474 
nun). Therefore, the calculated beam waist of the laser is very close to the 
nominal beam radius at the output of the laser. It will therefore be reasonable to 
use the measured beam radius at the output aperture of the laser as the actual 
beam waist for this source. The output beam 1/e2 diameter is measured to be 0.45 
nun (w0 = 0.23 nun), which agrees well with the laser specifications. The 
measured output diameter translates to a Rayleigh range of 25 ern. The focal 
length of the lens is 4.51 nun and the distance from the laser to the lens was 
approximately 65 ern. Therefore the predicted 1/e2 beam waist (wo) after the 
focusing lens is 1.47 ~-trn if we assume an M2 value of 1. The measured values in 
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the x and y direction are 1.50 Jlm and 1.44 Jlm, suggesting reasonable agreement. 
This gives an indication of the measurement accuracy available with the knife 
edge system. The difference between the expected and measured spot size is 
small. This suggests that the knife edge scan and resulting analysis can provide a 
reasonable measure of the beam spot size near the focus. Using the beam waist 
and divergence angle obtained from the knife edge scans, an estimate of the M2 

can be made for both dimensions. In the lateral dimension the M2 value is 
measured to be -1.1, while in the transverse direction it is -0.99. This supports 
the assumption that the M2 value of the HeNe laser is very close to 1. 

Figure 5-5 demonstrates the smooth convergence and divergence of the 
HeNe laser beam near the focal region. Data is given from 50 Jlm on either side 
of the minimum diameter in -2.5 and 10 Jlm steps. The error in the propagation 
distance of Figure 5-5 is a couple of microns for the 10 ~-tm steps due to the 
limitation of the stage used to move the blade along the optical axis. Near the 
focus the step size was reduced to -2.5 ~-tm. This step size is an approximation 
because the markings on the z-axis translation stage translate to a 10 ~-tm 

movement. In essence, three measurements were taken between the 10 ~-tm 

resolution markings of the micrometer. As a result there is likely an error of 1-2 
~-tm in the stated z position. This may explain the lack of smoothness of the 
measured widths near the focus. Note that, in Figure 5-5 it is illustrated that the 
beam waist minima of the lateral and transverse directions are occurring at the 
same spatial position. While this is expected, it could not be confirmed with the 
measurement setup used. The results are presented as such for aesthetic purposes. 
Plots of the recovered profiles of the beam waists for the lateral and transverse 
directions are given in Figures 5-6 and 5-7, respectively. The plots indicate a 
smooth profile in both dimensions. 
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Figure 5-5: Plot of HeNe laser beam l/e2 diameters in the lateral and transverse directions 
near the focal point. 
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Figure 5-6: Plot of the recovered helium neon laser beam profile in the focus for the lateral 
dimension. The profile is recovered using the differentiation method. The l/e2 beam 
diameter, 2w0 = 1.50 !liD· 
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Figure 5-7: Plot of the recovered helium neon laser beam prof"lle in the focus for the 
transverse dimension. The prof'de is recovered using the differentiation method. The lle2 

beam diameter, 2w0 = 1.44 !DD· 

The helium neon laser generates the most Gaussian beam profile of the 
tested sources and is therefore best suited to confirm the consistency of the 
differentiation method with the error function fitting method. Figure 5-8 overlays 
the lateral beam diameters obtained with the differentiation method with those 
obtained from fitting the error function to the data. The plot demonstrates very 
good agreement between the two methods near the focal region, with some 
divergence away from the beam waist. This is likely due to the increased error in 
the differentiation method away from the focus. As mentioned earlier, as the 
slope of the error function is reduced the effective signal-to-noise ratio also 
decreases, which yields a noisier profile reconstruction and therefore a noisier 
beam width measurement. 
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Figure 5-8: Comparison of differentiation and fitting method of determining the beam waist 
from the knife edge data. Data is from beam diameters in the lateral dimension. 

5.5 Ti:Sapphire laser beam waist measurement 

The spot size measurements made with the three other lasers/amplifiers 
were made quite a distance (several metres) from their respective sources. The 
beams propagated through and reflected off a rather large number of optical 
elements, so the mode profile experiences some degradation from its initial shape. 
In the case of the Ti:Sapphire laser, optical elements span three optical tables and 
a large air gap. The beam path from source to detector was approximately 7 m. 
An image of the Ti:Sapphire laser beam profile is given in Figure 5-9. The 
manual for the Tsunami Ti:Sapphire laser indicates that there may be some 
ellipticity of the beam at the output. This is due to the nature of the folded cavity 
of the laser. 
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Figure 5-9: Beam profile of titanium sapphire laser approximately 7 m from the laser output 
aperture. Circular structures are a result of interference originating on the neutral density 
filters of the profiler. 

The small circular artifacts visible on the profile were again caused by 
defects/interference from the neutral density filters In front of the beam profiler. 
Cross-sections In the x- and y-directions are shown with a Gaussian fit In Figures 
5-10 and 5-11, respectively The assumption of a Gaussian shape is reasonable 
despite the noise. The l/e2 diameters of the fits in the lateral and transverse 
directions are 3.5 and 2.7 mm, respectively 
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Figure 5-10: Lateral cross-section of the Ti:Sapphire laser beam with a Gaussian fit. The 
structure seen at about 4.25 mm is a result of the cross-section intersecting with one of the 
circular artifacts of the beam protUe. The beam diameter, 2w = 3.5 mm. 
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Figure 5-11: Tranverse cross-section of the Ti:Sapphire laser beam with a Gaussian fit. The 
beam diameter, 2w = 2.7 mm. 
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5.5.1 Estimating truncated beam waist 

In the case of the Ti:Sapphire laser a non-negligible proportion of the 
beam is clipped by the aperture of the lens and therefore it is not entirely valid to 
assume a Gaussian profile as it was for the helium neon laser. However, it is also 
not valid to assume a plane wave. Clearly a hybrid approach is necessary. A 
simple method of estimating the spot size for a partially clipped ideal (M2 = 1) 
Gaussian beam is given by Urey [90]. The 1/e2 diameter of the focal spot for the 
non-paraxial case (which in this case is considered to be when the fH < 2) is: 

Kl 
2w =--

0 2NA 

The truncation scaling factor, K, is given by: 

K = 1.654 _ 0.105 + 0.28 
T T2 

(5.8) 

(5.9) 

where Tis the clipping factor (valid forT > 0.5) given by Equation (5.10), dis the 
diameter of the lens, and w is the 1/e2 radius of the beam at the lens. 

T = _2w_a.;_pe_rtu_re 

d (5.10) 

In the x-direction T is 0. 703 and in the y-direction T is 0.554. Therefore, the 
estimated 1/e2 beam waists for a pure TEM00 beam are 0.76 ~m and 0.87 ~min 
the lateral and transverse directions, respectively. As stated in Section 0, the 
specified M2 value of the Spectra-Physics Tsunami Ti:Sapphire laser is ~ 1.2. 
This would be expected to translate to an increase of the focal spot size. 

The bandwidth of the mode-locked titanium sapphire laser is about 10 nm 
and this can have an effect on the focal spot size due to chromatic aberration 
induced by the lens that causes different wavelength components to focus at 
different positions along the optical axis. The amount of smearing of the focal 
region due to chromatic aberration is given by Equation (5.11) [91], 

!if=- f Ja} 0.441 dn 
c(n-1) rP dl (5.11) 

where tp is the FWHM of the pulse ( -95 fs in the transform limited case with a 10 
nm bandwidth and a Gaussian pulse shape), f is the focal length of the lens, n is 
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the index of refraction of the lens, c is the speed of light and dnfd)., is the 
dispersion parameter. The type of glass used in the aspheric lens is Coming 
C0550 which has an index of refraction of approximately 1.60 at 800 nm and a 
dispersion parameter that is likely greater than that of BK7 glass, which is -2.0 x 
10 m-1 [92], [93]. The true value of the dispersion could not be found. In the 
available literature an Abbe number of 50.4 is quoted for the C0550 glass and for 
BK7 glass it is 64.2 [92]. A larger Abbe number corresponds to a less dispersive 
material. The index of refraction of the Corning C0550 glass is provided at a 
number of wavelengths [92]. Interpolating between the two data points nearest 
800 nm (707 and 853 nm) yields a dispersion parameter of -2.8 x 104 m-1

• 

Evaluating Equation (5.11) yields a focal spread along the optical axis of 2.1 !J.m. 
Assuming a small beam waist of 0.75 !J.m, the theoretical Rayleigh range is about 
2.2 !J.m. This translates into the minimum beam waist being magnified by, 

(5.12) 

where Wll.J is the beam waist with chromatic aberration taken into account [91]. 
The beam waist is expected to be about 11% larger due to chromatic aberration 
than for a CW beam. There was no significant difference in the measured spot 
size when the Ti:Sapphire laser was operating in the CW mode, however the 10% 
fluctuation is well within the measurement error. Including the effect of 
chromatic aberration, the beam waists in the lateral and transverse dimensions are 
expected to be -0.84 11m and -0.95 11m respectively. 

Another possible source of increased focal spot size with an ultra-short 
laser pulse is a spatio-temporal effect called pulse front tilt. Pulse front tilt can be 
induced for example when a pulse passes through a prism or off a diffraction 
grating. The different spectral components of the pulse propagate at slightly 
different angles to one another (also known as angular chirp). This angular chirp 
can also be interpreted as a tilt of the virtual phase fronts of each of the spectral 
components. Focusing a pulse of this type can lead to temporal and spatial 
broadening in the focus. This leads to a reduced focal intensity. The interested 
reader can learn more about this phenomenon from the paper by Pretzler et al 
[94]. The pulse front tilt of the Ti:Sapphire laser pulses were measured with a 
Swamp Optics GRENOUILLE 5-20 system and was found to be negligible in 
both dimensions of the beam. 
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5.5.2 Measured Spot Size 

For the Ti:Sapphire laser, the minimum measured beam waist in the x
direction is 0.98 ~m and 1.1 ~min they-direction. In both cases this is somewhat 
larger than the expected values of 0.84 ~m and 0.95 ~m. There are a number of 
possible causes for the discrepancy such as: widening of the focal width due to 
averaging, some smearing of the focal region due to beam position fluctuations, 
slightly askew alignment of the beam, or the blade not moving fully perpendicular 
to the optical axis. The M2 value of the beam was expected to be larger than one. 
This would also yield a spot size greater than theory predicted for an ideal 
Gaussian beam. There could also be some other unknown systematic error. 

Figure 5-12 illustrates the convergence and divergence of the Ti:Sapphire 
beam near the focal region. A plot of the recovered profiles in the focal spot for 
the lateral and transverse directions is given in Figures 5-13 and 5-14. The plot 
indicates a smooth profile in both dimensions. 

Using the beam waist and divergence angle obtained from the knife edge 
measurements, an estimation of the M2 value can be made. In the lateral 
dimension it is estimated to be 1.6, and in the transverse dimension it is estimated 
to be 1.7. This is noticeably larger than the specified input M2 value. Focusing a 
truncated Gaussian beam can be expected to increase the M2 parameter when 
compared to the input value [88]. Therefore these measured values do not 
directly indicate what the quality of the beam was prior to truncation. 

To show the agreement between the error function fitting method and the 
differentiation method the two are plotted together in Figure 5-15 and exhibit the 
same general characteristics as those found in the helium neon laser beam plot of 
Figure 5-8. 
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Figure 5-12: Plot of beam waist in the lateral and transverse dimensions of the Ti:Sapphire 
laser. The fluctuations away from the focal region are likely due to the increased noise of the 
knife edge data. 
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Figure 5-13: Plot of the recovered Ti:Sapphire laser beam prof"Ile in the focus for the lateral 
dimension. Prof"Ile recovered using the differentiation method. The 1/e2 beam diameter, 2w0 
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Figure 5-14: Plot of the recovered Ti:Sapphire laser beam protlle in the focus for the 
transverse dimension. Protlle recovered using the differentiation method. The lle2 beam 
diameter, 2w0 = 1.1 J.Ull. 
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Figure 5-15: Comparison of differentiation and error function fitting method of determining 
beam waist for the Ti:Sapphire laser. Beam diameters are taken from the transverse 
dimension. 
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5.6 Yb-doped fibre amplifier beam waist 
measurement 

A benefit of us1ng the output of the s1ngle-mode Yb-doped fibre amphfier 
1s the excellent beam quahty The output should be 1deal for focus1ng and for use 
1n rmcroscopy s1tuat1ons An 1mage of the beam profile 1s g1ven 1n Figure 5-16 
The optlcal path 1s approximately 5 m from the facet of the fibre to the beam 
profiler The beam demonstrates some elhptlclty along the d1agonal 1n the x-y 
plot. Th1s 1s possibly due to the angled facet of the fibre [101] Cucular artifacts 
are due to Interference effects associated w1th the neutral dens1ty filters of the 
beam profiler 

Figure 5-16: Profile of the Yb-doped fibre amplifier approximately 5 m from the output 
facet of the fibre. Circular distortions are a result of interference from neutral density filters 
associated with the profiler. 
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Cross-sections in the x- and y-dimension are shown with a Gaussian fit in 
Figures 5-17 and 5-18. The l/e2 diameters of the fits are 2.2 mm in both the 
lateral and transverse dimensions. Again, the noisiness of the signal is a result of 
the neutral density filters associated with the beam profiler. 
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Figure 5-17: Lateral cross-section of the output beam of the Yb-doped fibre amplifier. The 
1/e2 diameter, 2w = 2.2 mm. 
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Figure 5-18: Transverse cross-section of the output beam of the Yb-doped fibre amplifier. 
The 1/e2 diameter, 2w = 2.2 mm. 

5.6.1 Estimating VDFA beam waist 

The diameter of the beam waist in this case is weakly truncated by the lens 
aperture. The truncation parameter, T, defined in Equation (5.10), is 0.44. 
According to Urey this value is too small to be able to accurately use Equation 
(5.9) to determine the K parameter [90]. For T values less that 0.5 he suggests the 
modified form 

K= 1.27. 
T 

(5.13) 

Evaluating Equation (5.8) with the measured beam diameter and a wavelength of 
1075 nm yields an expected beam waist of 1.4 J.tm. Given the weak truncation it 
should also be possible to use Equation (5.5) to a reasonable accuracy. In this 
case, the M2 value will be assumed to be 1. For these measurements, the output of 
the YDFA was converging slightly such that the beam waist was near the spot 
size measurement setup. A series of measurements were made with the beam 
profiler in this region to determine the beam waist and its distance from the 
focusing lens. The minimum obtained waist was -1.1 mm, approximately 20 em 
in front of the focusing lens. These values correspond to a Rayleigh range of -3.5 
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m. Using these values to evaluate Equation (5.5) yields an expected beam waist, 
w0, of 1.4 ~-tm. The two methods provide remarkably similar predictions of the 
spot size. 

Similar to the Ti:Sapphire laser case, the bandwidth associated with short 
pulses can cause undesired spreading of the beam waist by chromatic aberration 
and pulse front tilt. Evaluating Equation (5.11) with values appropriate for the 
YDFA (A= 1075 nm, tp = 340 fs for a Gaussian transform limited pulse with a 
bandwidth of 5 nm, and an interpolated dispersion parameter of -1.32 x 104 m-1 

[92]) yields a 0.5 ~-tm spreading of the axial focal length. Assuming a beam waist 
of 1.4 ~-tm, it is possible to estimate the effect the chromatic dispersion will have 
on the measured waist. Evaluating Equation (5.12), the measured spot size would 
be expected to be less than 1% larger due to chromatic aberration. Therefore, in 
this case chromatic aberration can be neglected. 

Given the small bandwidth and the long pulse duration, any pulse front tilt 
is not expected to have a significant impact on the measured waist. Given that 
the YDFA is a single-mode fibre any angular chirp that may be present on the 
input will be lost in the waveguide. The only element that could impart some 
angular dispersion within the beam path is the 8° angle cleave of the fibre facet. 
The magnitude of this effect will depend on the wavelength dependence of the 
index of refraction. Given that the wavelength of light is near the optical 
resonance (bandgap) of the doped fibre there may be a large change in index of 
refraction over a small wavelength range. A simple experiment was performed to 
see if there was significant angular dispersion on the beam. The diode oscillator 
was set to operate simultaneously at two separate wavelengths -20 nm apart 
( -1065 and -1085 nm) on either side of the gain peak of 1070 nm. After being 
amplified by the YDFA, the spectrum of the output beam was measured with an 
optical spectrum analyzer. A razor blade was then used to section a portion of the 
beam to see if the ratio of the intensities of the two wavelengths changed. This 
was done in both the lateral and transverse dimension. No significant effect was 
noted. This suggests that there is not a significant amount of angular dispersion 
on the beam and hence that the pulse front tilt should be minimal. 

5.6.2 Measured spot size 

The minimum measured 1/e2 waist for the YDF A in the lateral dimension 
was 1.38 ~-tm, and in the transverse dimension it was 1.54 ~-tm. This agrees well 
with the expected value of 1.4 ~-tm. A plot of the convergence and divergence 
near the focus is given in Figure 5-19. Plots of the recovered profiles at the beam 
waist in the lateral and transverse dimension are given in Figures 5-20 and 5-21. 

55 



Master's Thesis- A. S. Logan McMaster- Engineering Physics 

30 

25 

E 
2: 20 
1.... 

~ 
E 15 
ctl 

i:S 
E 
~ 10 
m 

5 

-Lateral Slice 

\ 

1111

!' --e-- Transverse Slice 

\ /,:' 

-60 -40 

\ / \ J 
\.I· 

-20 0 20 

Propagation Distance (jlm) 

40 60 

Figure 5-19: Plot of the beam diameters in the lateral and transverse dimension of the Yb
doped fibre amplifier near the focus. 
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Figure 5-20: Plot of the recovered YDFA beam profile in the focus using the differentiation 
method for the lateral dimension. The 1/e2 beam diameter, 2w0 = 1.38 Jlm. 
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Figure 5-21: Plot of the recovered YDFA beam pror.Ie in the focus using the differentiation 
method for the transverse dimension. The lle2 beam diameter, 2w0 = 1.54 fUlL 

Using the beam waist and divergence angle obtained from the knife edge 
measurements, an estimation of the M2 value can be made. In the lateral 
dimension it is estimated to be 0.89, and in the transverse dimension it is 
estimated to be 1.04. Clearly a value less than one is not possible. It does, 
however, suggest that the beam consists largely of the lowest order Gaussian 
mode. 

To show the agreement between the error function fitting method and the 
differentiation method the two are plotted together in Figure 5-22 and exhibit 
good agreement. 

57 



Master's Thesis- A. S. Logan McMaster- Engineering Physics 

30 

25 -11--- Differentiation 
--e-- Error Function Fit 

E' 
2: 20 
'-

\ 
Q) -Q) 

E 15 
ctl 

i5 

\ E 
ctl 10 Q) 

al 

5 \./ 
0 

-60 -40 -20 0 20 40 60 

Beam Propagation (J.Im) 

Figure 5-22: Plot of beam diameters obtained from the Yb-doped fibre amplifier near the 
focus using the differentiation and error function fitting methods. 

5.7 SOA beam waist measurement 

The beam profile obtained from the semiconductor optical amplifier is 
significantly worse than that of the helium neon laser, the Ti:Sapphire laser or the 
Yb-doped fibre amplifier. It consists of a single primary mode in the lateral 
direction with some smaller side lobes and two primary lobes in the transverse 
direction. The two-lobed transverse structure has been observed with essentially 
all the devices fabricated. It is also present in the output of the laser oscillator. 
The source of the two lobes is not known for certain. However, very recent work 
in the lab has suggested that it may be diffraction effects associated with the 
collection lens. If this is the case, then a better choice of lens may remove the two 
lobe structure. An image of the beam profile is given in Figure 5-23. The 
measurement system is approximately 3.5 m away from the SOA, spanning two 
optical tables with a gap between. The beam is also slightly astigmatic; diverging 
more in the lateral dimension than in the transverse. The beam quality has 
degraded noticeably by the time the beam has reached the measurement setup. 
This is a combination of both the large number of mirrors involved, the normal 
beam divergence as well as the slight astigmatism of the beam that has not been 
corrected for by the cylindrical lens. Plots of the cross-sections in the x- and y
directions are shown in Figures 5-24 and 5-25. In both cases a Gaussian would be 

58 



Master's Thests -A. S Logan McMaster- Engtneenng Phystcs 

a rather poor fit and tt would therefore be unreasonable to charactenze the spot 
stze ustng one of the methods described above. 

Figure 5-23: Profile of semiconductor optical amplifier beam approximately 4 m from the 
exit facet. Circular and ribbed structures are an artifact of neutral density filters. The left 
two lobes are real and not an artifact of the profiler. 

In the x-dtrection the 1/e2 wtdth is roughly 4.5 mm for the matn lobe, and 
tn the y-dtrectton it IS about 4.75 mm across both pnmary lobes. In both 
dtmenstons the lens ts mostly filled and tn the transverse dtrectton both of the 
pnmary lobes are observed to pass through the lens. 
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Figure 5-24: Lateral cross-section of SOA output. The large amount of noise is a result of 
the circular diffraction rings from the beam pror.Ier. 
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Figure 5-25: Transverse cross-section of the SOA output. The large amount of noise on the 
right peak is a result of a diffraction ring from the beam pror.Ier. 

60 



Master's Thesis- A. S. Logan McMaster- Engineering Physics 

It is difficult to estimate the size of the focal spot due to the unique beam 
profile. The diode oscillator has a bandwidth of approximately 2-5 nm when 
pulsing and amplification in the SOA does not significantly change it. Given the 
small bandwidth, it will be assumed that neither chromatic dispersion nor pulse 
front tilt will be an issue. The reasoning for the lack of chromatic dispersion is 
the same as it was for the Yb-doped fibre, in Section 5.6.1. The angular 
dispersion out of the SOA was not measured and, therefore, it is possible that 
pulse front tilt could be an issue in terms of the focal spot. 

5. 7.1 Measured spot size 

In the lateral direction the minimum measured 1/e2 beam radius was 1.5 
~tm and in the transverse direction it was 0.92 ~tm. The beam width measured in 
the transverse direction is perhaps the most surprising of all those measured, being 
the smallest observed. It is possible that there was a confluence of variables that 
yielded the small dimension such as having measured the absolute minimum, or 
there being perfect alignment (beam, lens, blade, translation stage) achieved 
unlike, perhaps, in the other cases. Another possibility is that because the SOA 
beam fills the lens more than the other sources the full numerical aperture is being 
used and this results in a smaller spot size. A corroboration of this is that the 
convergence and divergence angles are greatest in the case of the SOA. The 
relatively large spot size in the lateral direction may be indicative of a large M2 

value in that dimension. A plot of the convergence and divergence of the beam 
near the focal region is given in Figure 5-26. Plots of the recovered profiles at the 
beam waist for both the lateral and transverse directions are given in Figures 5-27 
and 5-28. The plots illustrate that the majority of the complex structure of the 
input beam is essentially not resolved in the focal spot measurement. 

An estimation of the M2 value can be made given the data obtained from 
the knife edge scans. It is not entirely clear how relevant the value will be given 
the mode profile. The M2 parameter is valid for higher order Gaussian mode 
profiles (Laguerre-Gaussian or Hermite-Gaussian) as well as the fundamental one 
[86]. As long as the mode can be reduced to a linear combination of Gaussian 
modes, the parameter does provide relevant information. The overall SOA mode 
profile does appear to contain elements of higher order terms such as the Hermite
Gaussian TEM02 mode [95], [96]. The measured M2 value in the lateral 
dimension is found to be 2.0 and in the transverse dimension 1.6. It is surprising 
that the value in the transverse dimension is so small. However, the beam did 
focus well in that dimension. Conversely, the M2 value in the lateral dimension is 
the largest measured which qualitatively agrees with the large spot size 
measurement, and this will be further corroborated in Chapter 6. 
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Figure 5-26: Plot of the 1/e2 beam diameter in the lateral and transverse directions for the 
SOA. 

1.0 

0.8 

~ 

::i 0.6 

~ 
>-:t::: 
1/) 0.4 c: 
(!) -.E 

0.2 

0.0 

10 20 30 

x ((Jm) 

Figure 5-27: Plot of the recovered SOA beam pror.Ie in the focus using the differentiation 
method for the lateral dimension. The 1/e2 beam diameter = 3.02 J.UD.· 
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Figure 5-28: Plot of the recovered SOA beam shape in the focus using the differentiation 
method in the transverse dimension. The l/e2 beam diameter = 1.83 1-lJlL 

5.8 Conclusions 

The helium neon laser and Yb-doped fibre amplifier focal spot minima 
were very close to the predicted values while those of the titanium sapphire laser 
were less so. However, the M2 value of the laser beam was not explicitly 
accounted for when predicting the spot size. Including the quality of the mode 
profile would likely resolve the discrepancy. The results from the SOA were 
somewhat unexpected. The beam width in the lateral direction of the SOA was 
somewhat larger than expected given the profile and lens fill factor, while that of 
the transverse direction (which had the least Gaussian-like profile) yielded the 
smallest measured spot size. Of the measurements performed the minimum 
obtained beam waist values are the ones that have been reported in this chapter 
thus far. This is reasonable because the most obvious sources of error that would 
confound the measurement would also enlarge the measured spot size, not reduce 
it. A summary of all of the measured beam waists, when it is believed that the 
measurement system was functioning adequately, is given in Table 5-1. There are 
a limited number of values due to time constraints and what were on-going 
technical issues associated with the beam spot measurements. When the problems 
were finally resolved, there was time to acquire few sets of data for each source. 

63 



Master's Thesis- A. S. Logan McMaster- Engineering Physics 

Italicized entries indicate that the steps along the z-direction were 10 !J.m apart. 
The larger step size reduces the likelihood of having found the true beam waist. 

Table 5-l: Table of expected and measured beam waists from knife edge experiments. 
Italicized entries indicate that measurements near the focus were taken with 10 p.un steps 
along the z-axis, not 2.5 p.un steps. "Lat" refers to the lateral dimension and "Trans" refers to 
the transverse dimension. 

Expected (pm) Trial #1 (pm) Trial #2 (pm) 

Source Lat Trans Lat Trans Lat Trans 

HeNe 1.47 1.47 1.50 1.44 1.46 1.57 

Ti:S 0.84 0.95 0.98 1.08 1.53 1.82 

YDFA 1.4 1.4 1.38 1.54 1.41 1.70 

SOA NIA N/A 1.51 1.12 2.0 0.92 

The purpose of the above measurements was to determine how much of an 
impact the beam quality of the SOA would have on its ability to generate two
photon fluorescence as well as the possible resolution in an imaging situation 
when compared to the standard titanium sapphire laser as well as the better 
behaved single-mode Yb-doped fibre amplifier beam profile. Given the mode 
profile, it is difficult to say whether the beam focused as well as expected, given 
the lack of specific expectations. However, considering the lens fill factor one 
would reasonably have assumed that the spot size would have been smaller in the 
lateral dimension than it was measured to be. This is especially true when 
compared to the measurements obtained in the transverse direction. The data 
from the SOA suggests that the beam characteristics could be in fact be an issue in 
terms of a microscopy application. In the lateral dimension, the beam waist and 
the divergence angle are characteristic of a poorly focused beam. Depending on 
the dimensions of what is being imaged, this could have a significant impact on 
both the resolution and the ability to generate fluorescence. Results presented in 
Chapter 6 also suggest that the beam quality is an issue. 

In terms of the Yb-doped fibre, the absolute beam waist that was measured 
was relatively large, at -1.5 !J.m, when compared to the other sources. However, 
it should be noted that when the measurements were made the beam was slightly 
converging, resulting in only a partially filled lens. This is in contrast to the SOA 
which did largely fill the lens. The important point to take from spot size 
measurement of the YDFA beam is that there was good agreement between the 
expected beam waist and the measured waist. Also, the measured M2 value was 
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close to unity. This means that there is no inherent quality of the YDFA output 
beam that would prevent it from yielding a smaller spot size, which would be 
ideal for microscopy applications. Filling the back aperture of the lens used in 
these experiments would reduce the beam waist to below a micron. 

It is believed that the ease of matching the expected spot size to the 
observed one with the helium neon laser was due to its proximity to the 
measurement setup, its small input waist and its nearly ideal beam shape. The 
proximity makes the alignment less sensitive to small mirror movements. The 
smaller input beam width of the HeNe laser greatly reduces the convergence angle 
making it easier to make a measurement near the minimum. Finally, the visible 
wavelength and smaller beam size made it easier to ensure that the laser was 
traveling through the center of the lens to achieve optimal focusing. Some 
improvements to the measurement setup that were not possible at the time the 
experiments were performed would be to move the sources closer to the 
measurement setup (or vice versa), and use a more finely controlled stage in both 
the scanning direction and the z-propagation direction. 

Work could have been done to try to standardize the beam size by 
enlarging or reducing it by way of a telescope. By overfilling the back of the lens 
with the laser light the measured spot sizes would be reduced and it would 
approach the plane wave minimum. In such a case the differences between the 
beam waists would be essentially due to the different wavelengths of the sources. 
Ideally this is what would be done in an actual microscope. However, in an 
attempt to characterize the expected performance of the current SOA in a 
microscopy situation, it is important to realize that there is insufficient available 
power to overfill the back aperture of the lens while still being able to generate 
sufficient fluorescence. 

The focal spot measurements were done in air. While the beam waist 
should remain close to the same value when focusing in a sample [97], it is 
important to match the index of refraction of the immersion medium (typically air, 
water or oil fills the gap between the sample and the objective lens) with that of 
the sample to minimize spherical aberration and other distortions associated with 
index mismatch [98]-[100]. 
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Chapter 6 Two-Photon Fluorescence Results 

6. 1 Introduction 

In this section the results of the two-photon fluorescence generation from 
the three excitation sources will be discussed. The purpose of the work here is to 
determine the suitability of the diode oscillator, semiconductor optical amplifier 
(SOA) and Yb-doped fibre amplifier (YDFA) as sources for two-photon 
fluorescence microscopy (TPFM). To determine the suitability it was decided to 
compare the fluorescence generating efficiency of both amplifiers to the 
Ti:Sapphire laser standard. The efficiency is defined, essentially, as the a 
parameter of Equation (6.1). 

(6.1) 

The It term is the time averaged generated fluorescence, and P exc is the average 
excitation power. Comparing the sources would give an indication of what the 
costs are of moving to one of either the SOA or YDFA as a two-photon excitation 
source, and also, where improvements need to be made. 

6.2 Experimental setup 

The general layout of the setup used to excite the fluorophore and collect 
the generated fluorescence is given in Figure 6-1. It consists of the two-photon 
excitation source, a lock-in amplifier, focusing and collection lenses and a 
photomultiplier tube. Light from one of the excitation sources, SOA, YDFA or 
Ti:Sapphire laser, is focused using a 0.55 NA Thor Labs C230TM-B AR-coated 
aspheric lens into a 1 em x 1 em x 5 em quartz cuvette containing the fluorescent 
dye solution. Generated fluorescence is collected and collimated by a 0.25 NA 
Thor Labs C220TM-B AR-coated aspheric lens where it passes through a 1 mm 
thick Schott Glass BG39 short pass filter to remove any scattered excitation light. 
Light is detected by a Hamamatsu R6358 photomultiplier tube. The signal is 
amplified by a lock-in amplifier and can be recorded by a data acquisition 
computer if desired. The excitation intensity is adjusted using a half
waveplate/Glan Thompson polarizer pair placed near the focusing lens. Having 
the polarizer close to the focusing stage ensures that the polarization of the 
excitation signal is constant for all three sources. 
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Figure 6-1: Simplified schematic of two-photon fluorescence excitation and collection 
measurement system. Details of the sources can be found in Chapter 4. 

The decision to make the fluorescence collection arm perpendicular to the 
excitation duection (as opposed to an epi-fluorescence setup) was made to reduce 
the amount of excitation laser light that would be measured by the PMT and also 
to ehrmnate the need for an expensive dichroic mirror to separate the excitation 
signal from the fluorescence signal. This approach does have some 
disadvantages, the pnmary one being alignment. It can be difficult In practice to 
get the acceptance volume of the collecting lens to overlap with the focal region 
of the source lens when working with a relatively weak signal. Also, a high NA 
lens cannot be used to collect the fluorescence due to space constratnts near the 
cuvette. This reduces the collection efficiency of the system which makes 
detection of weak signals more difficult. 

Care needed to be taken to align the excitation beam such that the 
fluorescence would be generated near the collection-lens side of the cuvette. 
Doing this reduces the amount of fluorescence re-absorbed or scattered by the dye 
and hence Improves the measured signal. 

6.3 Fluorophore properties 

The bulk of TPF measurements were made With the common laser dye 
Rhodamine 590 Chloride (also known as Rhodamine 6G, a well known biological 
marker) from Exciton. It was chosen because of its relatively low cost, presumed 
low to moderate toxicity and reasonably high fluorescence efficiency The 
purchased Rhodarmne 590 Chlonde was dissolved In methanol to make the final 
dye solution. A number of different concentrations were attempted In order to 
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find the one that maximized the fluorescent yield. The concentration that yielded 
the highest signal was found to be 1 X 10-2 mol/L. 

The laser dye Kiton Red was also tested. However, the fluorescence yield 
tested at a number of concentrations was lower than that of Rhodamine 60 
suggesting that the two-photon cross-section was smaller. Little work was 
performed with this dye due to the low fluorescence yield. 

The fluorescence yield is partly determined by the two-photon excitation 
cross-section of the dye which is strongly wavelength dependent. It will be 
important to know the cross-section when comparing the performance of the 
different excitation sources because the Ti:Sapphire laser operates at 800 nm 
while the other two operate at around 1075 nm. The most recent published value 
for Rhodamine 60 at 800 nm is 36 ± 6 OM and 4.0 ± 0.8 OM (units defined in 
section 2.4.2) at 1064 nm [50], [102], [103]. (Note: The author of the paper that 
reported the cross-section at 1064 nm uses a slightly different definition of the 
two-photon cross-section. This leads to a factor of two discrepancy when 
comparing values. This difference has been accounted for in the values listed 
here.) The value at 1064 nm is assumed to be close enough to the 1075 nm 
operating wavelength that there is not a significant difference in the cross-section 
values. 

Two experiments were performed to ensure that photobleaching would not 
be an issue. Approximately 50 m W of average power from the Ti:Sapphire laser 
(80 MHz repetition rate, -200 fs pulse duration) was focused into the cuvette with 
a dye concentration of 5 x 104 mol/L for about 5 hours. The 50 m W average 
power was several times greater than what was typically used in other 
experiments. The 5 x 104 mol/L dye concentration was about two orders of 
magnitude lower than what was used in the majority of the two-photon excitation 
studies. At the elevated excitation power and reduced concentration any 
bleaching or saturation effects would be expected to be apparent. There was no 
evidence of a signal decrease due to bleaching. Measurements were also made to 
ensure that there were no saturation effects. The expected intensity-squared 
dependence was observed for excitation powers around 50 mW. 

The dye was excited by both the Ti:Sapphire laser (800 nm) and YDFA 
(1075 nm) to verify that there was no difference in the emission spectrum. This 
may have been a concern regarding the wavelength response of the PMT. Plots of 
the spectra are given in Figure 6-2. The noisier data is that from the Yb-doped 
fibre amplifier which generated a much weaker signal than that of the Ti:Sapphire 
laser. It can be seen that there is essentially no difference between the two 
spectra. 
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Figure 6-2: Rhodamine 6G (Rhodamine 590 Chloride) emission spectra when excited at 800 
nm by the Ti:Sapphire laser and 1075 nm by the ytterbium-doped fibre amplifier. 

6.4 Fluorescence Dependence on Intensity 

To ensure that the measured signal is truly coming from two-photon 
generated fluorescence, a squared dependence should be observed with respect to 
the average input power (known as the i dependence). A less than square 
dependence suggests that there is some single-photon fluorescence being 
generated or that excitation photons are being detected by the PMT. It could also 
indicate a saturation of the dye (though this was experimentally ruled out). 

Figures 6-3 to 6-5 illustrate the i dependence of the fluorophore when 
excited by the Ti:Sapphire laser, Yb-doped fibre amplifier and SOA, respectively. 
The excellent fits demonstrate that there is no one-photon absorption and that the 
excitation signal is being effectively blocked. 
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Figure 6-3: Plot of the two-photon fluorescence dependence on intensity for the case of the 
Rhodamine 6G dye solution being excited by the Ti:Sapphire laser source. The data closely 
follows the expected square dependence. 
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Figure 6-4: Plot of the two-photon fluorescence intensity dependence for the case of the 
Rhodamine 6G dye solution being excited by the Yb-doped fibre amplifier source. The data 
closely follows the expected square dependence. 
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Figure 6-5: Plot of the intensity dependence for the case of the Rhodamine 6G dye solution 
being excited by the semiconductor optical amplifier source. The data closely follows the 
expected square dependence. 

6.5 Confirmation of expected signal 

As mentioned in Section 2.4.2 and described in Equation (2.6) (repeated 
below for convenience) the fluorescence signal in a bulk sample varies with 
average input power, pulse duration and repetition rate. 

(2.6) 

were changed so that it operated in a number of different regimes. To verify that 
this relationship provided accurate predictions of fluorescent yield, the operating 
parameters of the diode oscillator. By adjusting the forward bias, reverse bias and 
the external cavity of the oscillator it is possible to change the mode-locking 
conditions relatively easily. The output of the oscillator was amplified with the 
Yb-doped fibre. The operating conditions of four different regimes are given in 
Table 2-1. The pulse durations were obtained from an autocorrelation 
measurement, the temporal pulse shape was assumed to be Gaussian. 
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Table 6-1: Operating properties of the Yb-doped fibre amplified mode-locked diode laser. 

Trial# Rep Rate (GHz) Pulse Duration (ps) Peak Wavelength (nm) 

1 2.313 6.8 1073 

2 2.883 6.1 1073 

3 1.160 8.0 1072 

4 0.580 5.9 1072 

The analysis was performed by comparing the relative change in the generated 
fluorescence when the operating conditions were altered (i.e. pulse duration, 
repetition rate) to what one would expect the change to be. Regime #4 is taken as 
the reference value. Results and the relative difference between the expected and 
measured values are given in Table 6-2. 

Table 6-2: Ratio of expected and measured fluorescence intensity to a baseline value 
obtained with the mode-locked diode laser amplified by the Yb-doped fibre amplifier. 

Fluor. Inten. Ratio Expected 

#1/#4 

#2/#4 

#3/#4 

0.219 

0.193 

0.394 

Measured 

0.213 

0.201 

0.370 

Error 

2.7% 

4.1% 

6.1% 

The measured and expected values were essentially the same and indicate that the 
system behaved as expected. Therefore, observed discrepancies between 
expected and measured fluorescence signals when comparing different excitation 
sources can be attributed to variables such as wavelength, cross-section, and 
alignment among others. 

6.6 Comparison of Ti:Sapphire laser and YDFA as 
two-photon excitation sources 

To determine whether the amplified diode oscillator can be expected to be 
a reasonable replacement for a titanium sapphire laser source it is important to 
quantify the difference in fluorescence generation efficiency that is observed. The 
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output of the diode oscillator has a longer pulse duration and a higher repetition 
rate than the Ti:Sapphire laser, both of which lower the fluorescence generation 
efficiency. When amplification is performed with the Yb-doped fibre the pulse 
will be temporally stretched due to dispersion. The longer pulse reduces the peak 
intensity, requiring more average power to generate the equivalent amount of 
fluorescence. However, if one is willing to add some complexity to the system 
the pulse can be recompressed to its original duration (or shorter) by a variety of 
means. 

Knowing the fluorophore cross-section, the average power, pulse duration 
and repetition rate, the Yb-doped fibre amplifier and the Ti:Sapphire laser can be 
compared to one another. A direct and relatively accurate comparison between 
the SOA and the Ti:Sapphire laser could not be made because in order to generate 
enough power from the SOA the oscillator needed to be tweaked in such a manner 
that mode-locking characteristics such as repetition rate, pulse duration and pulse 
shape were not easily defined with the devices used (this was much more of an 
issue toward the end of the experimental work when most of the measurements 
presented here were made). For example, an autocorrelation trace may not yield 
the expected smooth curve, but instead one with features (illustrated in Figure 
A-3). Such a trace indicates a large deviation from the assumed Gaussian 
temporal pulse shape of the Ti:Sapphire laser pulses. Without knowing the pulse 
shapes of the sources, for example, there would be little point in pursuing a direct 
comparison between the Ti:Sapphire laser and the SOA. 

As stated in Section 2.4.2, the beam waist does not have an impact on the 
amount of fluorescence generated if the beam profile is Gaussian and the sample 
thickness is much larger than the Rayleigh range. However, a large beam spot 
can impact _the amount of fluorescence measured, especially in the collection 
geometry used (the collection lens at a right angle to the excitation lens). The 
collection lens used in these experiments has anNA of 0.25, a clear aperture of 
5.5 mm and a focal length of 11 mm. The measured beam waists of the 
Ti:Sapphire laser and YDFA were -1 J.tm and -1.5 J.tm respectively. The 
refractive index of methanol is approximately 1.3. In the paraxial approximation 
the Rayleigh range of a beam in a material is nzR, where n is the index of 
refraction and ZR is the Rayleigh range in air [97]. Ashcom shows that the error 
associated with using the paraxial approximation for a 0.55 NA lens is -10% [97]. 
Due to the moderate error, the paraxial approximation will be sufficient here. The 
Rayleigh range of the YDFA is about 1.7 times larger than that of the Ti:Sapphire 
laser. The axial extent over which approximately 90% of the fluorescence is 
generated is about 10 Rayleigh ranges, or- 50 J.tm for the Ti:Sapphire laser and-
85 J.tm for the YDFA in the dye solution. Given the properties of the collection 
lens, this small change in the length over which the fluorescence is generated will 
not have a significant impact on the fluorescence collection efficiency. Therefore, 
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the ratio of the fluorescence generated by the Ti: Sapphire laser to the Yb-doped 
fibre amplifier can be given by 

g p-Ti:S 0800nm 

(1f-Ti:S) 'fTi:sfTi:SAri:S 

(Jf-YDFA) oc gp-YDFA~015nm 
'fYDFAj YDFAAwFA (6.2) 

where we assume that the temporal pulse shape is the same for both the 
Ti:Sapphire laser and the Yb-doped fibre amplifier. As stated in Section 6.3 the 
two-photon cross-section of the Rhodamine 6G is approximately ten times larger 
at 800 nm than it is at 1064 nm, which is assumed to not be significantly different 
than it is at 1075 nm. A sample comparison between the YDFA and Ti:Sapphire 
is made where the FWHM of the pulse duration of the Ti:Sapphire laser is 
approximately 205 fs. The repetition rate is 80.5 MHz and the wavelength is 
centered at 800 nm. In a data set taken with the Yb-doped fibre the repetition rate 
was 575 MHz, wavelength 1073 nm and an autocorrelation FWHM width of 10.2 
ps. If we assume a Gaussian pulse shape, the actual pulse width is 7.21 ps. With 
these values the Ti:Sapphire laser should generate about 3400 times more 
fluorescence than the Yb-doped fibre for the same average excitation power. The 
amount of fluorescence generated by Ti:Sapphire laser was found to be - 4550 
times greater than that obtained from the YDFA source. The discrepancy between 
the expected and measured values is about 35%. 

This result appears to demonstrate good agreement given that there are a 
number of potential sources of uncertainty. There are questions as to how similar 
the temporal pulse shapes of the two sources in fact are. Previous work has 
suggested that the pulse shape out of the Yb-doped fibre amplifier is likely 
asymmetric and a pulse shape retrieved from the Ti:Sapphire laser revealed 
structure that deviates from the assumed Gaussian temporal shape [71]. The 
different pulse structures should affect the fluorescence yield to some degree, 
though it cannot be easily quantified. It was assumed that the cross-sections at 
1064 nm and 1075 nm are the same. This should be reasonable but it was not 
corroborated. Also, there is variation in the reported values of the two-photon 
cross-sections and each reported value has a listed uncertainty of about 20%. 
Both sources demonstrated somewhat large fluctuations in day-to-day 
fluorescence yield that appeared to be a result of alignment changes. Due to the 
large distances traveled by the excitation beams a small change in a mirror near 
the source manifests itself as a large change in the beam position. When trying to 
maximize the signal, not necessarily the correct mirror will be adjusted. This can 
lead to different local maxima being used for measurements. Also, the different 
excitation source beams were not collinear. When switching between sources a 
number of mirrors needed to be adjusted to maximize the signal. When returning 

74 



Master's Thesis- A. S. Logan McMaster- Engineering Physics 

to a previous excitation source it can be very difficult to achieve the exact same 
alignment. This results in day-to-day variations in apparent fluorescent efficiency 
even when the pulse properties have remained the same. It is assumed to be an 
alignment issue because the fluorescence yield with the dye excited by the 
Ti:Sapphire laser could fluctuate significantly day-to-day, even though the pulse 
characteristics did not. Nor were there any significant differences in the system 
layout. Also, as demonstrated in Section 6.5 with the YDFA, the expected 
fluorescence yield matched the measured yield relatively well when only the 
mode-locking conditions are changed. When the fluorescence efficiency of the 
Yb-doped fibre amplifier is compared day to day (taking into account pulsing 
conditions) the expected and measured values between days do not agree 
particularly well. 

Due to time constraints there are only two sets of data that compare the 
performance of the Ti:Sapphire laser to the YDFA. One set of data is described 
above. In the other, the Ti:Sapphire laser would have been expected to generate 
about 3200 times more fluorescence than the YDFA (for the measured operating 
conditions, and at a specific average excitation power). The fluorescence signal 
was measured to be 2100 times greater, a -35% difference. In this latter case the 
YDFA outperformed the Ti:Sapphire, opposite of the first data set. Given that the 
setup and the measurement techniques were essentially the same for these two 
trials, the range over which the deviation of the expected and measured 
fluorescence yields varied was quite large. The value of these measurements is 
essentially to illustrate, to within a factor of two, the degree to which the ability to 
efficiently generate fluorescence differs between the current Yb-doped fibre 
amplifier setup and the Ti:Sapphire laser. From the above data, the Ti:Sapphire 
laser was able to generate more than three orders of magnitude more two-photon 
fluorescence than the YDFA with the dye and operating conditions available at 
the time of the experiments. Courses of action to reduce this disparity will be 
discussed in Chapter 7. 

6.7 Comparison of YDFA and SOA as two-photon 
excitation sources 

Comparing the fluorescence generation efficiency of the SOA to the 
YDFA is easier than comparing it to the Ti:Sapphire laser because both sources 
are operating at the same wavelength, repetition rate, and the temporal pulse 
shape should be similar. Essentially the only difference between the two sources 
is the pulse length and the spatial beam profile. The pulse length of each source is 
easily measured. As stated in Section 6.6, in order to generate sufficient power 
from the SOA it is necessary to have at least one m W of average power from the 
oscillator. At the time these experiments were performed the laser oscillator 
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being used had an average power, when it was mode-locked in a well defined 
manner, of approximately 300 11W, which was insufficient to saturate the ASE of 
the SOA (this was a property of the one particular oscillator used toward the end 
of experimental work, other devices have exhibited good mode-locking 
parameters with an average power greater than one mW [4]). To generate the 
desired ~1 mW of average power the oscillator needed to be tuned to a regime 
with poorly defined properties of operation. The autocorrelation trace was not 
well behaved and is given in Figure 6-6. The lack of well defined operating 
parameters is the same for both the YDFA and the SOA which allows them to be 
compared to one another on an equal footing. As can be seen the autocorrelation 
traces contain quite a bit of structure. However, they are essentially the same for 
both amplifiers except in the fibre case, the pulse is stretched. Measuring the 
width of each autocorrelation trace will provide an adequate measure of the 
difference in "pulse length". The difference in pulse width of the Yb-doped fibre 
amplifier and SOA was measured at a number of places on the autocorrelation 
trace. The consistent result is that the pulse duration from the YDFA is -40% 
longer than from the SOA. 
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Figure 6-6: Autocorrelation traces of the mode-locked diode oscillator amplified by the 
semiconductor optical amplifier and the ytterbium-doped fibre amplifier. 

The SOA beam waist was found to be small in the transverse direction 
(0.9 11m) while somewhat larger in the lateral dimension (1.5 11m). The beam 
waist of the Yb-doped fibre amplifier was to be -1.5 11m in both dimensions. It 
should be noted that spot size measurements and fluorescence measurements were 
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made months apart. Therefore there may be a discrepancy in terms of the actual 
spot size at the two different times. This is most likely true in the case of the Yb
doped fibre. When the spot size measurements were made the beam was 
converging slightly, resulting in only partial filling of the lens (a l/e2 beam 
diameter of - 4.4 mm). At the time of the fluorescence measurements the beam 
filled the lens more fully (an estimated 1/e2 beam diameter of - 5 mm). The 
greater filling should result in a reduced focal spot size. However, as discussed in 
Section 2.4.2 the total fluorescence generated in a bulk sample by a focused 
Gaussian (or plane wave) beam is independent of the beam waist. On the surface 
this suggests that the mode quality and resultant beam waist of the SOA will have 
no effect on the measured fluorescence signal in these experiments. That 
assumption, however, neglects to account for potential problems that may arise 
from the way the energy is distributed near the focus. It is unclear that the 
independence of beam waist and fluorescence generation holds for a beam profile 
such as that of the SOA. A simple, and likely not physical, example of the 
generated fluorescence being dependent on the beam waist is a uniform intensity 
distribution. Assume that all of the energy at a given axial cross-section is fully 
contained within a circle of a certain diameter and is distributed uniformly. 
Assume also that the diameter, as a function of z, propagates the same way as the 
l/e2 diameter does in a focused Gaussian beam. If we simulate the generation of 
two-photon fluorescence and integrate over the entire volume we find that the 
total fluorescence generated varies as llwi, where wo is the minimum radius of 
the focused beam. In essence, this illustrates that one cannot say that the 
excitation energy can be distributed randomly within the dye cell and if we 
integrate over a large enough volume we will always achieve the same amount of 
two-photon generated fluorescence. A model of the focused SOA beam is beyond 
the scope of this work and was not attempted. However, some measurements 
were made that may quantify the effect to a certain degree. 

6.7.1 Beam quality effects on fluorescence generation 
efficiency 

In Figure 5-23 (on page 59) it is apparent that the light is propagating in 
two primary transverse lobes and a primary lateral mode, though a secondary 
lateral mode is visible. If this light does not focus well it will not contribute to the 
generation of fluorescence and reduce the apparent efficiency of the SOA. In 
Section 5.7.1, the measured minimum spot size in the lateral direction is quite a 
bit larger than in the transverse direction, suggesting that light is not focusing well 
in that dimension. Experiments, performed before the spot size measurements 
were taken, explored the effect of spatially filtering the beam in both the 
transverse and lateral dimensions and measuring the fluorescence generation 
efficiency. The unfiltered beam is shown in Figure 6-7. Though the profile is 
somewhat different, the prominent transverse profile is similar to Figure 5-23 as 
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are the partially excited secondary lateral modes. The mode profile IS hkely 
different from that of Figure 5-23 due to slightly different coupling of the laser 
osctllator beam into the SOA and also the aging and degradation of the device 
over time. By slightly adjusting the coupling of the laser oscillator beam It 1s 
possible to more efficiently excite the higher order lateral modes. 

Figure 6-7: Unfiltered beam profile of semiconductor optical amplifier. Circular profiles are 
a result of interference from the neutral density filters in front of the beam profiler 

In these experiments the SOA beam was spatially compressed by a factor 
of two by using a pair of positive lenses setup as a telescope. The beam was 
laterally filtered by passing it through a sht to remove the energy outside the main 
lateral profile. Finally, a single transverse lobe was selected by clipping the 
laterally filtered beam with a razor blade. The laterally filtered beam IS shown In 
Figure 6-8, while the beam filtered in the lateral and transverse direction Is shown 
In Figure 6-9 
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Figure 6-8: SOA beam laterally filtered with a slit to isolate primary lateral mode. Circular 
profiles are a result of interference from the neutral density filters in front of the beam 
profiler. 

Figure 6-9: SOA beam filtered in the lateral and transverse dimensions to isolate a single 
lobe. Circular profiles are a result of interference from the neutral density filters in front of 
the beam profiler 
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The oscillator operated at 683 MHz at -107 5 nm with a pulse duration of 
-1.2 ps (assuming a Gaussian profile). Filtering in the lateral direction removed 
approximately half of the beam power. The fluorescence generation efficiency 
after laterally filtering the beam increased by a factor of about 2 when compared 
to the unfiltered beam. Previous measurements of the SOA, when operating in 
this regime, have shown that approximately 10% of the power emitted is 
amplified spontaneous emission (ASE), which would not contribute to TPE. 
Clearly, it is not simply the removal of spatially distinct ASE from the beam that 
is resulting in the improved efficiency. Further filtering in the transverse 
dimension (such that the beam was filtered both laterally and transversally) 
reduced the power by another factor of 2. The fluorescence generation efficiency 
of the laterally and transversely filtered beam was about 2.7 times greater than the 
unfiltered beam. Filtering the lateral profile had a larger effect than filtering in 
the transverse dimension. This is consistent with the observations from the spot 
size measurements that the beam does not focus as well in the lateral dimension as 
in the transverse direction. This suggests that the focal properties in the lateral 
dimension are quite a bit different than those of a Gaussian beam profile, perhaps 
more so than in the transverse dimension. 

6. 7.2 Results of pinhole filtering of the SOA beam 

At the very end of in-lab work, some preliminary experiments were 
performed to try to qualitatively determine what could be expected from filtering 
the SOA beam by focusing it through a fixed aperture pinhole. In these 
experiments the beam from the SOA was focused through a 10 ~-tm diameter 
pinhole with a 5x microscope objective. The light was recollimated by a 0.4 NA 
aspheric objective. Images of the pre- and post-filtered profiles are given in 
Figures 6-10 and 6-11, respectively. Approximately 54% of the light is 
transmitted through the pinhole. After collimating, the overall throughput 
efficiency is 50%. In Figure 6-11 it can be seen that there is a diffraction halo 
around the primary mode of the beam (the full extent of the halo is not clear in the 
black and white figure). An adjustable iris was used to remove the halo; an image 
is given in Figure 6-12. The total efficiency of the filtering system from power 
into the lens to the power measured after the adjustable iris is -37%. Due to 
limited time and available resources, further experiments were not performed. 
Lateral and transverse plots of the profile in Figure 6-12 with a Gaussian fit are 
shown in Figures 6-13 and 6-14, respectively. It can be seen that the profile is 
much improved. 
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Figure 6-10: SOA beam profile before pinhole spatial filtering. 

Figure 6-11: SOA beam filtered by focusing through a 10 Jtm diameter pinhole with a 5x 
microscope objective. 
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Figure 6-12: SOA beam filtered by focusing through a 10 J.lm diameter pinhole with a Sx 
microscope objective and filtering the scattering light with an adjustable iris. The systems 
demonstrates a throughput of about 37% 
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Figure 6-13: Lateral cross-section of the SOA beam focused through a 10 J.lm aperture with a 
Sx objective. Included is a Gaussian fit. 
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Figure 6-14: Transverse cross-section of the SOA beam focused through a 10 JUD aperture 
with a Sx objective. Included is a Gaussian fit. 

6. 7.3 Results of the comparison between the SOA and 
VDFA 

The pulse duration obtained with the fibre is about 1.4 times longer than 
for the SOA, as illustrated in Figure 6-6. Therefore, based on the pulse duration 
comparison alone one would expect the measured fluorescence signal of the 
YDFA to be 0.7 times that obtained from the SOA for a given average excitation 
power. Measurements found thl~t the YDFA generated fluorescence about 1.2 
times more efficiently than the SOA. (Note: Unfortunately, due to time 
constraints, only one set of data was taken comparing the SOA to the Yb-doped 
fibre.) 

The difference between the expected and measured fluorescence 
efficiencies is somewhat large in this case. There are a number of possible 
contributors to this discrepancy. There are the same alignment issues that were of 
concern when comparing the Ti:Sapphire laser to the Yb-doped fibre amplifier. 
And, as discussed in Section 6.7.1, there appears to be a portion of the SOA beam 
that does not significantly contribute to the excitation of the fluorescent dye. 
Though the operating conditions of the oscillator and the mode profile of the SOA 
in Section 6.7.1 are not the exactly the same as those from the measurement 
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discussed here, they are similar enough to make it reasonable to suggest that the 
same beam profile may be having an effect on the fluorescence efficiency. 

6.8 Conclusion 

The measurements in this section give an idea of how much the focusing 
behaviour and other characteristics of the sources are likely to affect their 
suitability for two-photon microscopy and other applications. There are a number 
of parameters that influence the fluorescence yield that are not easily measured 
such as the precise shape of the temporal pulse envelope, the beam propagation 
and profile in the sample near the focus, and other characteristics that need to be 
taken into account to fully describe the generation of fluorescent light. As was 
stated in Section 6.6, a fair and direct comparison of the SOA to the Ti:Sapphire 
laser was not possible, but they can be compared indirectly. The Ti:Sapphire laser 
generated fluorescence with an efficiency three orders of magnitude greater than 
the YDFA for the same average excitation power (largely as a result of the lower 
repetition rate, shorter pulse duration and larger two-photon cross-section), while 
the SOA and YDFA generated fluorescence with roughly the same efficiency (the 
shorter pulse duration compensating for the poorer mode quality). Therefore, one 
could conclude that the Ti:Sapphire laser generates fluorescence with an 
efficiency three orders of magnitude greater than the SOA (again, largely due to 
the lower repetition rate, shorter pulse duration and greater two-photon cross
section). In the current configuration, the effect of the higher peak power and 
pulse energy of the Ti:Sapphire laser greatly outweighs the effect of the poor 
mode profile of the SOA when generating fluorescence in a bulk sample. The 
impact of the larger beam waist and poor beam quality would likely be larger in a 
microscopy situation where signal is not integrated over a large volume. This has 
significant consequences on the feasibility of the SOA being used as a two-photon 
excitation source in its current configuration. It would seem to be necessary to 
develop a method to improve the spatial beam quality of SOA without losing too 
much of the beam power for it to be a practical excitation source. Doing this 
would ensure adequate resolution and fluorescence generation in a two-photon 
fluorescence microscope. For the YDFA it would be sufficient to temporally 
compress the pulse for it to be adequate to for a TPFM 
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Chapter 7 Summary, Analysis and Future 
Work 

7.1 Summary 

Two-photon fluorescence microscopy (TPFM) is an established imaging 
technique that offers advantages over conventional and confocal one-photon 
fluorescence microscopy as well as other imaging techniques. It has inherent 
optical sectioning properties, increases imaging depth, reduces photobleaching 
and toxicity concerns and gives greater access to fluorophores excited by the blue 
end of the spectrum than its one-photon counterpart. The primary requirement to 
be able to efficiently perform TPFM is an excitation source that is able to deliver 
high peak intensities without high average powers, i.e. a short pulse mode-locked 
laser. The standard source used for TPFM is the titanium sapphire laser, which 
achieves these requirements easily. The primary drawbacks to a Ti:Sapphire laser 
source are its large size, high cost and complexity. In this thesis alternatives to 
the Ti:Sapphire laser are investigated, specifically a mode-locked semiconductor 
diode laser amplified by alternatively a semiconductor optical amplifier (SOA) 
and a Yb-doped fibre amplifer (YDFA). 

Preliminary work investigating the potential of the hybrid semiconductor
fibre technology was performed. Gain, maximum power output, saturation effects 
and compression are discussed. 

The focal properties in air of the Ti:Sapphire laser, SOA and YDFA (along 
with a ReNe laser) beams were characterized to a first approximation. These 
experiments were performed for the purpose of identifying the potential effects 
that the beam profiles of the SOA and YDFA may have on the fluorescence 
generation and imaging resolution in a microscopy context. 

Results were also presented quantifying the disparity in the ability to 
generate fluorescence in a bulk sample between the Ti:Sapphire laser and the two 
amplifiers for a given average excitation power. This was done to illustrate the 
degree of the obstacles that must be overcome for the two amplifiers to be 
considered legitimate alternatives to the Ti:Sapphire laser as an excitation source 
for two-photon fluorescence microscopy. 

A summary of the measurement results follows. 
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7.1.1 Vb-doped fibre amplifier results 

Some of the experimental results obtained from the hybrid semiconductor
fibre technology were presented. A mode-locked semiconductor diode laser was 
amplified by an optically pumped Yb-doped fibre amplifier. It is to the author's 
knowledge the first attempt at this type of approach. A paper is in the process of 
being written. A double clad 18 m fibre pumped with a launched power of -1.4 
W at -971 nm yielded average output powers as great as 790 m W when seeded 
with 930 ~-tW from the mode-locked diode oscillator resulting in a gain of -29 dB. 
Typical post amplification pulse durations were between 4 and 10 ps with a 
repetition rate of -580-700 MHz. Compression with a modified grating pair 
compressor reduced the pulse duration to -860 fs (assuming a Gaussian temporal 
profile). Including losses the peak power is- 750 W. Measurements indicate that 
the output power could be scaled up with a more powerful pump diode laser. 

7 .1.2 Focal spot measurements 

The beam waists of a helium neon laser, a titanium sapphire laser, a 
semiconductor optical amplifier and a Yb-doped fibre amplifier were measured in 
air. The measurement gives an indication of the ability of the different sources to 
focus well for the purpose of efficiently exciting two-photon fluorescence in a 
small volume. It also suggests the relative resolution performance that may be 
obtained from the different sources in a microscopy application. 

The measurements obtained with the helium neon laser were close to the 
theoretically expected values. This is believed to have been largely the result of 
the excellent mode quality of a HeNe laser. The M2 value obtained from the data 
was- 1, which is the expected value for a HeNe laser. It is also believed that the 
small beam diameter and the proximity of the laser to the measurement system 
aided these measurements. 

The beam waist measured with the Ti:Sapphire laser was about 15% larger 
than the predicted value. However, the predicted value did not explicitly take into 
account the M2 value of the input beam (expected to be -1.2). The discrepancy 
was attributed mostly to the quality of the input beam. The M2 data obtained from 
the focal spot data was -1.6, which was higher than the expected input value. 
However, Sun suggests that truncation of the beam results in an increase of the M2 

value after the aperture [88]. The distance the beam traveled from source to the 
measurement system was -7 m with reflections off a number of mirrors (13). It is 
believed that this hampered the measurement of the beam diameter due to 
unwanted beam position fluctuations. Distortions from imperfect mirror surfaces 
may also have contributed to the larger measured beam waist. 
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Measurement of the focal properties of the Yb-doped fibre amplifier 
yielded a spot size that was close to the expected value. In this case the input 
beam was assumed to have an M2 value of one due to the fibre amplifier being a 
single-mode waveguide. The quality of the beam and the minor truncation are 
believed to be the reason for the good agreement between the expected and 
measured beam waists. 

Finally, the beam waist of the semiconductor optical amplifier was 
measured. The SOA has a complex mode structure that made it difficult to 
predict the beam size in the focus. The beam, consisting of two primary 
transverse lobes and one primary lateral mode, largely filled the lens. There was, 
however, a non-negligible amount of energy propagating in the higher lateral 
modes. The measured beam waist in the transverse dimension was the smallest 
measured. In the lateral dimension it was noticeably larger than in the transverse 
direction despite what agpeared to be a better mode profile. This asymmetry is 
attributed to a larger M value in the lateral dimension than in the transverse, 
which manifests itself as a larger beam waist. This was corroborated to a degree 
by two-photon fluorescence measurements performed at a different time. 

7.1.3 Two-photon fluorescence measurements 

In Chapter 6 the efficiency with which the Ti:Sapphire laser, SOA and 
YDFA generated two-photon fluorescence in a bulk dye sample was investigated. 
It was possible to directly compare the efficiency of the Ti:Sapphire laser and the 
YDFA given that the pulse duration, repetition rate, wavelength and two-photon 
cross-section of the dye were relatively well known. Measurements were made to 
compare the predicted efficiency with the measured one. This was done be 
altering the mode-locking properties of the diode oscillator and measuring the 
relative change in generated fluorescence. The Ti:Sapphire laser was found to 
generate fluorescence approximately three orders of magnitude more efficiently. 
One order of magnitude could be attributed to the difference of the two-photon 
absorption cross-section at the 800 nm emission wavelength of the Ti:Sapphire 
laser compared to at the -107 5 nm emission wavelength of the YDF A. The 
majority of the rest was attributed to the lower peak power and pulse energy of the 
YDFA, which is a result of the longer pulse duration and higher repetition rate. 
Because both beams were described relatively well by Gaussian beam 
propagation theory, the focal mode profile was not expected to have had an 
impact on the efficiency. 

Measurements were also made to compare the two-photon generation 
efficiency of the SOA to the YDFA. Because both amplifiers were seeded with 
the same mode-locked diode source the repetition rate, pulse shape and 
wavelength were considered similar to be considered the same. Measured 
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differences were expected to arise from the longer pulse length of the YDFA (due 
to GVD) and the poor mode quality of the SOA. If the mode profile were not an 
issue, the YDFA would be expected to have a lower two-photon fluorescence 
generation efficiency. However, the opposite was observed. This was largely 
attributed to the poorer focal properties of the SOA. Two-photon generation 
efficiency measurements were made on a spatially filtered SOA beam. Results 
indicated that energy in the higher lateral modes was not generating fluorescence 
as efficiently as the main mode. This result was consistent with the spot size 
measurements. 

7.2 Analysis 

Here the results obtained from the semiconductor optical amplifier and the 
Yb-doped fibre amplifier will be discussed in the context of their potential as 
excitation sources for two-photon fluorescence microscopy. Their advantages, 
disadvantages and prospectives will be considered. 

7 .2.1 Advantages of SO As as a TPFM source 

A semiconductor optical amplifier is very similar in implementation to the 
diode oscillator. It is made with the same material structure and is manufactured 
using the same techniques on the same wafer. Simple modifications are made to 
the waveguide to make it function as a single pass optical amplifier. As with the 
oscillator, it is also electrically pumped, which from a complexity and cost 
standpoint is preferable to optical pumping. Semiconductor devices exhibit high 
gain which allows them to be very small while still providing relatively high 
output powers. With the devices used in the experiments average mode-locked 
powers of -40 m W were obtained. Other devices fabricated in this lab have 
yielded average powers of -90 m W at a wavelength of 980 nm with similar mode
locked characteristics. With greatly increased complexity all-semiconductor 
mode-locked devices have been shown to provide about -200 m W of average 
power with a peak power of over a kilowatt [107]. Indeed two-photon 
fluorescence imaging has been performed with a CW diode laser source, though 
sensitive detection equipment (a low noise PMT with a photon counter) and 
relatively long integration times (three orders of magnitude greater) were required 
[109]. 
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7 .2.2 Potential problems with SO As as a TPFM source 

Assuming that a beam can be efficiently focused, the property of merit for 
a TPFM excitation source is a high peak power while maintaining modest pulse 
energies. A high peak power allows for efficient generation of fluorescence. 
However, if the pulse energy is also high it increases the risk of damage to the 
sample. The SOA used in these experiments provided peak powers on the order 
of tens of Watts while having pulse energies in the tens of pJ. An attenuated 
Ti:Sapphire source (-10 mW when used as an TPF excitation source) generates 
peak powers on the order of kilowatts while the pulse energy is around 100 pJ. 
The peak power of the SOA needs to be increased at least two orders of 
magnitude in order to be considered a possible replacement for the TPFM source. 

A potential problem with the use of mode-locked diode sources is the 
difficulty of mode-locking at arbitrarily low repetition rates. Operating at a 
reduced repetition rate can increase the pulse energy and reduce the likelihood of 
saturation effects. Larger pulse energies translate (usually) into higher peak 
powers, which results in improved two-photon fluorescence excitation efficiency. 
Fluorescence lifetimes are typically on the order of a nanosecond. This means 
that repetition rates on the order of a GHz have the potential to saturate a dye. To 
obtain the strongest fluorescence signal from a sample, it is desirable to have a 
repetition rate that maximizes the number ·of excitation-emission transitions per 
second without saturating the fluorophore. Given the fluorescence lifetime, a 
repetition rate around a 100 MHz would maximize fluorescence and minimize the 
likelihood of saturation [127]. (It should be noted that although the mode-locked 
diode had a repetition rate of -600 MHz in the performed experiments, saturation 
effects were not an issue due to the high dye concentration and the modest peak 
powers of the pulses.) The capability to mode-lock at a low repetition rate is 
partially a function of the excited state lifetime, which is on the order of a 
nanosecond in a semiconductor system [118], [129]. This suggests that repetition 
rates significantly less than a GHz are not readily achievable in a mode-locked 
semiconductor laser without having ASE problems. Devices in this group have 
been shown to mode-lock at repetition rates as low as 300 MHz. Essentially, the 
lower end of achievable repetition rates with our devices is the upper end of 
desired repetition rates in TPFM. Mike Brennan has done work, as part of his 
PhD thesis, to determine an optimal regime for the laser diodes to operate in to 
maximize two-photon fluorescence signal (neglecting saturation effects). With 
the devices he was working with at the time he determined that the optimal 
repetition rate was between 1.3 and 1.5 GHz (he tested repetition rates between 
600 MHz and 2.2 GHz) [71]. This provided the best balance between pulse 
energy and pulse duration. Of course these results are only valid for the devices 
he tested at the time and he also did not amplify the diode output. The result is 
important in that it indicates that although a lower repetition rate is desirable the 
achievable pulse duration and pulse energy from the diode laser may not be ideal 
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for TPFM. Gain-switched diodes may provide a method of operating at arbitrary 
repetition rates. However, pulse durations tend to be longer and the output is 
strongly chirped. 

The SOA beam profile was found to be a potential drawback for any 
application in the field of microscopy. The larger spot size in the lateral 
dimension reduces the resolution available in an imaging situation. The larger 
spot size will also manifest itself in a lower fluorescence signal, especially when 
imaging a small object. In the bulk dye solution measurements, lower 
fluorescence in the center of the beam waist is compensated by integration over 
the entire illuminated volume. However, in the worst case when exciting a small 
localized spot, such as a single labeled molecule, the measured intensity will drop 
significantly with an increase in beam waist. For example, assuming a symmetric 
beam, if the beam waist doubles the intensity at the center of the beam waist 
decreases by a factor of four and the fluorescence intensity drops by a factor of 
16. In most microscopy applications the larger spot size of the SOA has the effect 
of reducing both resolution and the generated intensity. 

7 .2.3 Prospective for SO As as a TPFM source 

The devices used in the experiments discussed in this thesis are not ready 
for use as excitation sources in two-photon fluorescence microscopy. There are a 
number of aspects of the devices and the accompanying systems that could be 
reasonably improved upon that would allow the SOAs to be viable TPFM sources. 

The average power available near the dye cell was only about 10 mW. 
This is partially due to losses from the large number of optical elements used to 
direct the beam from the source to the measurement setup and the beam chopper 
needed for the lock-in amplifier. A better situation would be to have the source 
much closer to the measurement setup in order to reduce losses and minimize 
beam distortion. Also, building a better ambient light rejecting housing around 
the setup, coupled with a photon counter, would eliminate the need for the lock-in 
amplifier and the chopper. This would immediately double the available average 
power. 

The devices used in these experiments were 1075 nm single quantum well 
lasers and SOAs. The group has previously developed lasers operating at 980 nm 
which produce maximum average powers of about twice what the long 
wavelength devices are capable of while maintaining similar pulse properties [1]. 
On this basis alone, switching to the shorter wavelength would improve the 
fluorescence yield by a factor of four. 
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The SOAs at both wavelengths suffered from a relatively low current 
damage threshold. Given the volume of the gain region it was expected that the 
SOAs would be able to handle more pump current, and therefore achieve greater 
amplification. The reasons for this limitation have not been fully explored. To a 
first approximation, the available amplification is expected to scale linearly with 
the volume of the active region. The 1075 nm devices have only a single quantum 
well due to concerns about lattice mismatch in the growth [110]. The single well 
limits the available gain of the device. With the addition of strain compensation 
layers the number of quantum wells could be increased which would improve the 
amplification performance. Conversely, more wells could be added to the two
quantum well 980 nm devices with a similar result. Essentially, the full potential 
of the devices tested to date has not been fully exploited in terms of maximizing 
output power. 

The next generation of SOAs will test a number of modified waveguide 
structures that should improve the mode quality and the available output power. 
It is also expected that some of the current limitations experienced in the first 
generation devices will be reduced allowing for increased power from the current 
designs. An example of a different waveguide structure to be tested is the 
'inverse bow tie' [111]. This type of structure enjoys the increased gain benefits 
of the flared waveguide design but also maintains the beam quality available from 
a narrow stripe waveguide. Also, a split contact SOA will be tested which could 
allow for better control of current injection and thus yield more power. With a 
single current injection probe applied to the gain section of the SOA there are 
questions as to the uniformity of the population inversion within the gain section. 
It is hypothesized that the flared region has a higher inversion than the narrow 
section. If this is the case then the incoming pulse experiences less gain near the 
front facet of the SOA and the full potential of the device is not being exploited. 
By applying a second contact it will be possible to control and maximize the 
inversion to a certain degree, thus possibly yielding greater average powers. 

The pulse durations that were used for these experiments tended to be 
greater than 5 ps. A longer pulse reduces the peak power. A possibility that was 
not explored was the use of the modified grating pair compressor available to the 
setup, which compensates for linear pulse chirp [ 104]. In previous experiments 
the compressor has reduced pulse durations to less than a picosecond (as low as 
470 fs with the 980 nm devices). As the fluorescence yield is inversely 
proportional to the pulse duration, an order of magnitude reduction in the pulse 
duration results in an order of magnitude increase in fluorescence. Also, shorter 
pulses can reduce the amount of power required to generate adequate 
fluorescence; which is good for minimizing photodamage in the sample. 
Unfortunately, there is significant loss (-50%) associated with our compressor in 
its present state. With the power loss the benefits of compression are reduced 
(fluorescence scales inversely with pulse duration, but quadratically with power). 
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However, if a better low loss compressor were to be used the results could 
significantly improve the peak power. Grating pair compressors can have higher 
throughput efficiency. Another grating pair compressor in the lab has a maximum 
throughput efficiency of -75%. Loss with a grating compressor is inevitable 
because some power is always coupled into multiple diffraction orders. 

Other methods of compression are the use of prism pairs, similar to that 
used in the Ti:Sapphire laser, optical fibres with different GVD, fibre Bragg 
gratings and deformable mirrors. The prism pair can be very efficient because no 
power is lost to higher diffraction orders and reflections at the surfaces can be 
reduced by operating at Brewster's angle [ 1 05]. Compression using optical fibres 
consists of using different fibres with different group velocity dispersions and 
adjusting their respective lengths to eliminate the chirp [106]. Fibre Bragg grating 
compressors have a refractive index grating written into them. The periodicity 
can be such that the red and blue spectral components of the spectrum are 
reflected at different distances along the fibre thus compensating for linear chirp 
[107], [112]. However, coupling into the fibre is a source of loss. The viability of 
fibre based compressors depends on the ability to efficiently couple light into the 
fibre. The coupling efficiency of our SOA beam into a single-mode fibre was 
found to be at best -35 %, with 20% being a more representative value. Besides 
reducing the loss there is also room to further shorten the pulses by correcting the 
non-linear chirp that is typically on a semiconductor mode-locked pulse by 
including additional compensators. Our compressed pulses, at -500 fs, are still 
about twice the transform limit. This indicates that there is sufficient bandwidth 
to further reduce the pulse duration with a compressor capable of compensating 
for higher order (non-linear) chirp. Using sets of chirp compensators allows for 
individual control of the quadratic and cubic phase distortions [105], [108]. A 
relatively new way to compensate for linear and higher order chirp in a single step 
is to use a deformable mirror [113], [114]. In this case the beam is spectrally 
dispersed with a grating and imaged onto a deformable mirror. A search 
algorithm alters the shape of the mirror such that the distance traveled by each 
spectral component is set so that upon reflection and recollimation the entire 
spectrum is in phase. Another approach to improve the chirp performance of the 
laser is to alter the dispersion characteristics within the external of the laser 
oscillator [115]-[117]. By properly modifying the dispersion it is possible to 
ensure that the laser diode output is largely linearly chirped. This permits the use 
of a simple linear chirp compensator to achieve bandwidth limited pulses. In 
theory, with a bandwidth of 5 nm (centered at 1075 nm) the shortest pulse 
possible (assuming Gaussian pulse shape) should be less than -350 fs. Reducing 
pulse lengths from 5 ps to -350 fs without significant losses would greatly 
improve the prospects of the all-semiconductor source. 

Pulses in principle could also be shortened by increasing the bandwidth of 
the pulse. Currently a 600 lines/mm grating is used in the external cavity to 
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reduce the bandwidth and facilitate mode-locking. Mode-locking with a mirror or 
less dispersive grating in the external cavity may allow for shorter pulse 
generation. However, simply adding bandwidth will not necessarily shorten the 
pulse out of the laser oscillator. Semiconductor lasers tend to not operate close to 
the transform limit and so to fully exploit the added bandwidth it may be 
necessary to use a compressor as described above to achieve shorter pulses [118], 
[119]. 

The mode profile of the SOA presents a concern in terms of the potential 
of these devices as excitation sources. Drastic improvement to the mode profile 
does not appear to be imminent. Were there sufficient power in the beam, it may 
be possible to spatially filter it to a good quality single mode in both the lateral 
and transverse dimensions. This single mode could then be expanded to fill the 
back aperture of the lens. Doing this should improve the beam waist properties 
and the fluorescence generation efficiency. Scaling up the power to allow spatial 
filtering may be the most practical solution to the mode profile difficulties. A 
straightforward method of filtering the beam profile is to couple the laser beam 
into a single-mode fibre. The output of the beam is near Gaussian, and is ideal for 
focusing. A problem with this method is the low observed coupling efficiency of 
the SOA into a single mode fibre. The best achieved efficiency was 
approximately 35%, with typical efficiencies around 20%. At a 25% coupling 
efficiency, the loss of excitation power may be too great to make it a practical 
solution unless significant gains are made in available power. The specific 
application will determine if it is feasible. The situation was better when coupling 
the laser oscillator beam into the fibre, with efficiencies of up to 50% observed. It 
is possible that with alterations to the waveguide of the SOA, so that the SOA 
beam is more similar to the output of the laser diode, the coupling efficiency will 
be closer to 50%. Other groups working with flared SOAs have reported coupling 
efficiencies of 45% in one case and 60% in another with relatively simple bulk 
optics [120], [121]. However, the coupling efficiency is dependent on the mode 
properties of the beam and so it may be that the beam profiles in those cases are 
superior to the ones obtained in our devices. Another drawback of this method is 
the temporal pulse spreading due to the group velocity dispersion of the fibre. 

A different method of spatially filtering a beam is to focus it through a 
pinhole aperture. This has the effect of filtering out the higher spatial frequencies 
of the transverse profile of the beam [122]. In preliminary experiments performed 
here, the throughput efficiency was found to be -40% with the filtered beam 
profile looking promising. It is likely that by choosing a different lens and 
pinhole combination it would be possible to improve the throughput. This method 
would seem to be easier and more beneficial than filtering with a single-mode 
fibre as there is no dispersion issue though the mode quality is likely to be not as 
good. Filling the lens used in the Chapter 5 experiments with a good beam profile 
should generate a diffraction limited 1/e2 spot size diameter of about 800 nm at the 
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1075 nm operating wavelength. This would be a significant improvement over 
what was obtained in the measurements. 

Other groups using all semiconductor mode-locked sources, in sometimes 
very different configurations, have succeeded in generating high peak powers that 
would likely be suitable for two-photon fluorescence microscopy. A relatively 
straightforward design has been demonstrated to generate 460 fs pulses with a 
peak power of 70 W [123]. Another straightforward design using the "inverse 
bow-tie" waveguide structure demonstrated 400 mW average power, with a peak 
power of 60 W and a good mode profile [124]. A mode-locked diode laser 
operating in a regime, known as the breathing-mode, has demonstrated pulses of 
185 fs, with peak powers as high as 230 W [125]. As mentioned earlier, an 
elaborate all semiconductor setup has demonstrated pulses as short as 590 fs, with 
a peak power of l.4 kW [107]. An optically pumped surface emitting 
semiconductor device has been shown to be able to generate compressed pulses of 
153 fs with a peak power greater than 1 kW [126]. 

While the devices developed here are not ready to be used as a 
replacement for the Ti:Sapphire laser in TPFM, their limitations do not appear to 
rule out that possibility. There is a strong motivation to meet the criteria required 
for a two-photon excitation source with semiconductor technology. The small 
size, low cost and all electrical pumping are attractive features when compared to 
the standard Ti:Sapphire laser. Multiple devices could be included in a single 
package to provide access to much of the biologically relevant optical spectrum. 
With some clever device design, improved compression, a scaling up of the power 
output and spatial filtering, a mode-locked semiconductor laser amplified by an 
SOA could be a reasonable choice for a two photon fluorescence excitation 
source. 

7.2.4 Advantages of YDFAs as a TPFM source 

The ytterbium-doped fibre amplifier is seeded with the same mode-locked 
diode laser as the SOA and therefore enjoys the same benefits of compact, cheap 
short pulse generation. However, large amplification of the oscillator output is 
much easier to achieve with the fibre than with the SOA. With a modest amount 
of effort it was possible to obtain usable average powers of greater than 600 m W 
with pulse durations of around 4 ps, which yields peak powers of over a hundred 
watts and pulse energies in the hundreds of picojoules to nanojoule range. The 
amount of pulse energy is essentially limited by the amount of power available 
from the pump diode. In other words this technology is easily scaled up to much 
higher powers as shown in Figure 3-5. If photodamage is not much of a concern, 
it is possible to simply generate a sufficiently high power to achieve a strong 
fluorescence signal without any further modification to the system. However, 
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because power is not a limiting factor, compression becomes more appealing 
because the losses associated with the temporal pulse compression can be 
compensated. 

Another benefit is the excellent beam quality that comes from a single
mode fibre. With the available power it is also possible to fill the back of the lens 
and obtain a diffraction limited spot without any beam profile conditioning. The 
excellent mode profile translates into a high imaging resolution which is critical in 
microscopy applications. 

7.2.5 Potential problems with YDFAs as a TPFM source 

As previously stated, the Yb-doped fibre amplifier stretches the pulses to a 
point where compression would likely be required. While this adds complexity to 
the system, some sort of compression is required for the other two-photon 
excitation sources as well. 

A disadvantage of the YDFA compared to the conventional Ti:Sapphire 
laser is the somewhat smaller gain bandwidth which limits the tuning range. The 
gain bandwidth of the fibre is 970 -1200 nm, with few areas of high gain. Longer 
fibre lengths must be used to achieve equivalent amplification at the longer 
wavelength end of the gain spectrum. This compares with the 400 nm bandwidth 
of a Ti:Sapphire laser. Though accessing the full bandwidth is not trivial, 
specially coated mirrors must be changed to access different wavelength ranges. 
The gain bandwidth essentially determines the range of fluorophores that can be 
used with a given excitation source. In contrast, the semiconductor technology 
makes it possible to modify the composition of the device to achieve lasing in a 
broad range of wavelengths. With a limited bandwidth more time would need to 
be spent selecting and/or designing the appropriate fluorophore for a given 
application. This type of constraint may not be acceptable for labs where a great 
diversity of specimens is imaged. 

7.2.6 Prospective for YDFA as a TPFM source 

The prospective of a hybrid semiconductor-fibre two-photon excitation 
source is very bright. Generation of the short pulses comes from the relatively 
simple and cheap passively mode-locked semiconductor diode laser and 
amplification is readily achieved using the compact doped fibre with a pump 
diode laser. With available average power not being a limiting factor it is possible 
to compress the pulse to sub-picosecond durations for high peak powers while 
simultaneously filling the objective lens of a microscope to ensure maximum 
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resolution and fluorescence generation efficiency (assuming a thin sample, not 
thick). 

Another benefit of the Yb-doped fibre system is the ability to operate at 
low repetition rates. The capability to mode-lock at a low repetition rate is 
partially a function of the excited state lifetime, on the order of 1 ms in a doped 
silicate fibre [77], [128]. In theory this would allow a Yb-doped system to 
function at repetition rates on the order of a kHz without the generation of 
significant amounts of spontaneous emission. This is in contrast to the mode
locked diode. Groups have demonstrated amplification with YDFAs of low rep 
rate systems (tens of kHz) [78], [130]. Yb-doped fibre based lasers are 
developing into a mature technology capable of generating sub-picosecond pulses 
at tens of MHz [131]-[134]. While the implementation of these types of lasers 
can be more involved than a mode-locked semiconductor laser, they are capable 
of generating higher peak powers (tens of kW), shorter pulses (sub 100 fs) and 
excellent beam qualities [132]-[134]. 

Fibre based technology has also been demonstrated to be about as efficient 
in converting electrical energy into optical energy as semiconductor based sources 
partly because they exhibit a high slope efficiency (90%) converting pump 
photons into signal photons [ 135]. High efficiency has been an advantage of 
semiconductor sources over other laser systems. In the tuning range of 970-1200 
nm, a fiber based laser and amplifier is a very attractive technology that can 
readily meet the requirements for two-photon fluorescence microscopy. 

Using somewhat more exotic technology it may also be possible to greatly 
increase the tuning range of a YDFA based system by taking advantage of the 
high peak powers that can be achieved. The high peak power can be used drive 
non-linear processes to generate a spectral supercontinuum. This has been most 
effectively demonstrated using a photonic band-gap fibre which has been shown 
to generate a bandwidth spanning from 500 to 1800 nm with an average output 
power of 5 W when driven with the output of a Yb-doped fibre amplifier [136]. 
Supercontinuum generation has also been demonstrated with tapered fibres, doped 
fibres, narrow core fibres and Q-switched Yb-doped fibre lasers [137]-[140]. The 
quality of the pulses after the supercontinuum generation would likely need to be 
improved before it could be used for TPFM [141]. 

The current state of the YDFA technology within the lab is much closer to 
what is required of a two-photon excitation source than that of the SOAs. The 
current limiting factors for the SOAs are the low peak power, low pulse energy 
and poor mode profile. These issues are either not a problem or are easily fixed in 
the case of the YDFA. The low pulse energy can be compensated for by 
increasing the average power, and the peak power can be made higher by 
compression and the beam profile is already good. The mode quality out of the 
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single-mode doped fibre should allow the investigation of any of the super
resolution techniques that are currently being investigated with Ti:Sapphire lasers, 
such as two-photon 4pi fluorescence imaging. 

7.3 Future work 

There is a large amount of work that can be performed to build upon the 
initial results presented here that would allow the technology developed by the 
group to be utilized for practical applications. Aside from the continued evolution 
of the semiconductor sources, some of the more important areas to focus on in the 
future are listed in separate subsections below. 

7 .3.1 Measurement setup 

A lot of the inconsistency in the measurements performed (especially the 
fluorescence measurements) is believed to be caused by the distance between the 
sources and detectors. The large number of optical elements spanning several 
tables creates a number of places where vibrations, dust, mirror defects and beam 
misalignment can become issues. It is believed that the inability to achieve co
linearity of the different beams was the largest contributor to the inconsistencies 
because it required adjustment of a number of mirrors when switching between 
sources. It proved very difficult to find the same local maximum when 
subsequently switching back to a source, thus adding inconsistency in day to day 
measurements. By having fewer optical elements the number of inadvertent beam 
misalignment issues would be greatly reduced, which would improve the day to 
day consistency of the setup. Another issue was the optical table on which the 
measurement system was setup was not a large vibration damped table but instead 
a bread board mounted on a metal table frame. This opens the possibility of small 
shifts in the table's position and vibrations leading to further inconsistencies. The 
entire setup should be moved to the main optics table and the beam path length 
should be reduced. 

The lens being used to focus the light was a 0.55 NA aspheric lens. To 
reduce the spot size as well as to increase the fluorescence yield in an imaging 
situation, a higher power microscope objective with an NA of around 1.0 should 
be used. A better choice would be a water immersion lens (as most imaged 
biological samples will be in an aqueous solution) to reduce index mismatch 
which can induce aberration and reduce the available imaging depth [31], [99]. 
However, with the much smaller working distance that comes with using a high 
power lens, the fluorescence collection should be done with the same lens, in an 
epi-fluorescence arrangement. This has the advantage of simplifying alignment 
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while also improving the collection efficiency by having a large NA for light 
collection. This is in contrast to the current situation where, fluorescence is 
collected with a small NA lens due to space considerations. This arrangement 
would also more accurately mimic the layout encountered in a real microscope. 

A better light tight enclosure should be built around the fluorescence 
sample. By reducing the amount of ambient light near the sample, the excitation 
power or the fluorophore concentration could be reduced. The dye concentration 
was a few orders of magnitude greater than one would typically encounter in 
practice to maintain a sufficiently high signal level for these preliminary tests. 

7 .3.2 Compression 

In the analysis portion of this chapter it was indicated that for both the 
SOA and Yb-doped fibre amplifier it would be greatly beneficial to compress the 
pulse length closer to the transform limit. The current compressor is too lossy 
(about 50%) to fully achieve the benefits of a shorter pulse in terms of increasing 
the fluorescence yield. To further explore the prospects of this technology as a 
TPFM excitation source an improved compressor should be used, as discussed in 
Section 7.2.3. For these devices to be used in any practical application in the real 
world the issue of efficient compression will have to be addressed. Prism pairs 
would seem to be the ideal method of compensating for the linear chirp. Prisms, 
cut such that they can be used at Brewster's angle, should be very low loss, and 
have a minimal effect on the beam quality. The addition of higher order chirp 
compensation would also be readily achievable. 

7.3.3 Fluorescent dye 

The dye chosen for this work, Rhodamine 6G, had a relatively low two
photon cross-section at the SOA wavelength. In fact it had a two-photon cross
section an order of magnitude greater at 800 nm than it did at 1075 nm, the 
opposite of what was desired for the experiments. This was not realized until later 
in the project. The two-photon cross-section at 800 nm is approximately 36 GM, 
This represents an average cross-section when compared to other common 
fluorophores. In the future a dye with a two-photon cross-section an order of 
magnitude greater at the 1075 nm excitation wavelength should be used, such as 
phycoerythrin which has an estimated cross-section 25 times larger than 
Rhodamine 6G at 1064 nm (or about 100 GM) [142]. 
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7.3.4 Test imaging 

It would be interesting and insightful to explore the performance of the 
Yb-doped fibre amplifier and perhaps also the SOA when imaging a fluorescent 
sample as opposed to a homogeneous fluorescent dye solution. With access to the 
Ti:Sapphire laser and its more than sufficient power levels it would be possible to 
design, implement and test a simple scanning microscope. In most commercial 
devices the beam is raster scanned across the sample by a pair of galvanometric 
mirrors. These are likely too expensive to be purchased for exploratory work. 
However, an analogous, and cheaper, method would be to move the sample 
through the focus of the beam using a pair of actuated computer controlled stages. 
The equipment to perform this experiment is already available in the lab. A 
standard method of calibrating a microscope is to image a suspension of 
fluorophore coated microspheres. With the microspheres suspended in a viscous 
matrix it would be illuminating to try to create a three-dimensional image of them 
by raster scanning the sample. By changing the diameter of the spheres it would 
also be possible to determine the resolution of the microscope by finding the 
minimum resolvable sphere. Using a sufficiently small sphere ( -100 nm) it 
would be possible to map out the intensity profile of the excitation beam near the 
focus by recording the fluorescence intensity as a function of position [143]. This 
would ensure an accurate measurement of the beam spot size in the sample. Pulse 
stretching effects could also be monitored by observation of the generated 
fluorescence. The Ti:Sapphire laser would be used to ensure the overall quality of 
the system before attempts were made with the Yb-doped fibre amplifier and 
eventually the SOA. With the ability to generate high powers with the fibre 
amplifier the likelihood of success of such an endeavour would be relatively high. 

7.4 Concluding remarks 

The purpose of the work described in this thesis was to determine whether 
the semiconductor mode-locked diode lasers and semiconductor optical amplifiers 
developed by this lab are suitable for use as excitation sources in two-photon 
fluorescence microscopy as well as other non-linear applications. A corollary of 
this was also investigating the potential of an ytterbium-doped fibre amplifier 
seeded with the same semiconductor laser as a source of high power ultra-short 
optical pulses. Work was done to determine the minimum focal spot size with the 
various sources in an attempt to quantify the effect the poor beam quality of the 
SOA might have on both fluorescence generation as well as imaging resolution. 
Other sources were measured for calibration of the measurement system as well 
as for comparison purposes. Further, the fluorescence yield was measured from 
each source and compared to one another. This was done to determine the 
magnitude of the reduced fluorescence signal when using the SOA and Yb-doped 
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fibre amplifier when compared to the standard the Ti:Sapphire laser. The SOA 
does not generate sufficient peak power to be a practical excitation source in its 
current state. With further development and improvement in ·the setup it should 
be feasible. The ytterbium-doped fibre amplifier is capable of generating 
sufficient peak powers for two-photon fluorescence microscopy with the addition 
of a pulse compressor. A number of suggestions have been made for future work 
and it is hoped that some will be followed through. 
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Appendix A Selected Diode Laser Results 

During the time spent working with the mode-locked oscillators a number 
of operating conditions were observed that had not been documented in the lab in 
the past. They include the shortest pulses observed to date directly from the 
oscillator as well as the apparent generation of closely spaced double pulses. 
Typical results from what are considered "good" devices are pulse durations of 
between 2-3 ps with little structure to them. An example of a good trace is given 
in Figure A-1. 

3500 

3000 

..-. 
::> 
~ 2500 
>-

:1: 
en 
c::: 
Q) 

2000 --= 

1500 

1000 

-20 -15 -10 -5 0 5 10 15 20 

Delay (ps) 

Figure A-1: A "normal" second order autocorrelation trace. The pulse width is 2.1 ps if one 
assumes a hyperbolic secant squared pulse shape. 

The shortest pulse duration obtained directly from the oscillator was 
measured to be 910 fs if a hyperbolic secant squared pulse shape is assumed. This 
is in contrast with pulse durations of 2-3 ps that have been typical in our lab in the 
past. Figure A-2 is a plot of the second order intensity autocorrelation trace pre
and post-amplification by the SOA. It can be seen that in this case the pulse is 
about 10% longer after amplification. The device was passively mode-locked and 
operated at a repetition rate of 683 MHz with an average power of -1 mW. The 
trace suggests a good quality single pulse. 
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Figure A-2: Second order intensity autocorrelation trace of the pulse before and after 
amplification with the SOA. Pulse durations assume a hyperbolic secant squared pulse 
shape. 

Over the time that the measurements for this thesis were made a number of 
"unconventional" autocorrelation traces have been observed. The other 
diagnostic tools used to characterize the mode-locking conditions indicated a 
normal and stable output. An example of a repeatedly encountered 
unconventional autocorrelation trace is given in Figure A-3. An autocorrelation 
trace is not sufficient to recover a unique pulse shape. In other words different 
pulse shapes can produce identical autocorrelation traces. There are methods for 
retrieving the pulse shape; however they are very involved and were not 
performed in the course of the work done for this thesis. Though a conclusive 
retrieval of the pulse shape is not possible from the autocorrelation trace, it is 
possible to make an educated guess. 
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Figure A-3: Second order intensity autocorrelation trace of the mode-locked oscillator. The 
shape indicates a complex pulse structure. 

Software was written that permitted the adjustment of a number of 
different parameters in an effort to recreate the trace shown in Figure A-3. The 
program allowed the user to simulate the generation of one or two closely spaced 
pulses. The time between the two close pulses could be controlled. Each pulse 
was Gaussian in shape. The width of the leading and trailing edge of each pulse 
could be adjusted independently. The quality of the pulse could be controlled, by 
imposing random noise onto the pulse envelope. The relative intensity of the two 
pulses can be independently controlled. A re-creation of the autocorrelation trace 
in Figure A-3 was done by computer tested trial and error. A plot of the original 
and fit autocorrelation and the retrieved pulse shape is given in Figure A-4 and 
Figure A-5. The two autocorrelation traces are not the same due to some 
limitations of the written software. However, the most notable feature of Figure 
A-3 is accurately re-created. A physical explanation of the nature or source of the 
double pulse is not explored. Again it should be noted that Figure A-5 is likely 
not the only solution that can create the characteristic humps of Figure A-3. The 
recovered pulse shape appears to be unphysical. However, it was the solution that 
most closely fit the measured autocorrelation trace over the available range or 
pulse durations, pulse separations, etc. Double pulses were observed more 
directly in some instances of hybrid mode-locking. The RF signal used for mode
locking the oscillator was also used to trigger a Tektronix CSA 803 
communication signal analyzer. Light was detected with an avalanche 
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photodiode. The repetition rate was -700 MHz and the time between the double 
pulses was approximately 600 ps. A 600 ps separation between the two pulses is 
much too long to account for the autocorrelation seen in Figure A-3. In fact, a set 
of two pulses separated by more than 80 ps would likely not be observable using 
the standard diagnostic tools used in the lab. It is worth noting because a situation 
such as this would have a detrimental effect on two-photon fluorescence 
generation because the power would be divided between more pulses, and hence a 
lower intensity would be available. 

1.0 

0.8 

..-. 
::> 
$ 0.6 

~ 
(/) 
c::: 
Q) 

0.4 -= 
0.2 

0.0 

-30 -20 -10 0 

Delay (ps) 

--Measured Trace 
-----Fit Trace 

10 20 30 

Figure A-4: Measured and best fit autocorrelation trace of a passively mode-locked diode 
laser. 
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Figure A-5: Pulse shape retrieved from Figure A-3. 
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Appendix B Selected Two-Photon 
Fluorescence Results 

Included below are some results from the two-photon fluorescence 
excitation experiments that may be relevant for people following up on the work 
performed in this thesis. The first data set pertains to atypical results that 
exhibited an apparent super-squared dependence on excitation power. The second 
is an unexpected observation, whereby the two-photon fluorescence generation 
efficiency increased when the semiconductor optical amplifier (SOA) beam was 
focused into the lens. 

To determine the expected squared-dependence on incident power, a half
wave plate and polarizer pair were used to variably attenuate the excitation power. 
In Figures B-1 to B-3 are data from the Ti:Sapphire laser, Yb-doped fibre 
amplifier and the SOA based experiments that deviate from the expected 12 

dependence. It is believed that as the half-wave plate was rotated to attenuate the 
power, it caused a minor change in the beam alignment. Previous experience 
suggests that the measurement system is rather sensitive to alignment. Therefore, 
a small change can result in a noticeable discrepancy in the fluorescence signal. 
The reason the deviation is the same in all cases (measured signal falls faster than 
e) is because the beam path optimization was always done with the half-wave 
plate - polarizer pair set to maximum transmission. Therefore, as the beam 
position changed due to the adjustment of the half-wave plate the signal would 
fall away from the original alignment that maximized the fluorescence signal and 
result in this apparent super-quadratic dependence. It seems very unlikely that 
something such as three-photon excitation fluorescence could be occurring given 
the low power of the SOA. 
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Figure B-1: Plot of the two-photon fluorescence obtained from the Rhodamine 6G dye 
solution excited by the Ti:Sapphire laser source at 800 nm as a function of excitation power. 
The data falls away from the expected 12 dependence. 
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Figure B-2: Plot of the two-photon fluorescence obtained from the Rhodamine 6G dye 
solution excited by the Yb-doped fibre amplifier source at 1075 nm as a function of 
excitation power. The data deviates from the expected 12 dependence. 
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Figure B-3: Plot of the two-photon fluorescence obtained from the Rhodamine 6G dye 
solution excited by the semiconductor optical amplifier source at 1075 nm as a function of 
excitation power. The data deviates strongly from the expected e dependence. 

Another observation of note is the apparent increase in fluorescence 
generation efficiency when the SOA beam was focused into the "two-photon" 
lens (the one that focuses the light into the cuvette containing the fluorophore). 
By adjusting the position of the output collection lens of the SOA such that the 
beam appeared to be focused into the "two-photon" lens, the fluorescence 
efficiency (measured fluorescence power as a function of excitation power) 
increased by a factor of 2.7. (Interestingly, this is the same factor as was observed 
when spatially filtering the beam in the lateral and transverse directions with 
straight edges in Section 6.7.1.) An image of the focused SOA beam is given in 
Figure B-4. This image was taken at a time much later than the measurement was 
made, but the profile is qualitatively the same as was observed in earlier 
experiments. It is not immediately clear why this would improve the efficiency so 
much. In the unfocused case the transmission efficiency through the "two
photon" lens was -71% and in the focused case it was -73%. A similar 
phenomenon was observed when trying to couple the SOA (or laser oscillator) 
beam into a single-mode fibre. The coupling efficiency would improve when the 
beam was converging into the focusing lens. The same effect was not observed 
when generating fluorescence with the Yb-doped fibre amplifier. 
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Figure B-4: Beam profile of the ''focused" SOA beam. A beam profile such as this as an 
input to a focusing lens tends to improve fibre coupling and the fluorescence generation 
efficiency. 
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Appendix C Calculation of Expected Photon 
Count 

It can be insightful to compare the expected two-photon fluorescence 
signal to what is actually obtained. As an example, a comparison of the expected 
and measured signal for the Rhodamine 6G dye emitting at 580 nm, excited by 50 
mW of 1075 nm light from the Yb-doped fibre will be made. The pulse duration 
is 8 ps, the repetition rate is 600 MHz and the concentration is 1 x 1 o-2 mol/L. 
Assumptions of the collection efficiency of the system will need to be made. 
Similar to the equation given in Chapter 2, a more detailed version of the time 
averaged fluorescence in a bulk sample excited with a pulsed source from a 
diffraction-limited objective lens with uniform Gaussian illumination is 

(C-1) 

where F is the time averaged fluorescence in photons/sec, (jJ is the fluorescence 
collection efficiency of the system, 112 is the fluorescence quantum efficiency, ~2 is 
the two-photon absorption cross section is cm4s/photon, C is the dye 
concentration in molecules/cm-3

, gp is the second order temporal coherence, Tp is 
the FWHM of the pulse duration in seconds,,{p is the repetition rate in s-1

, n is the 
index of refraction of the dye medium, P is the incident power in photons/s and A. 
is the wavelength of the excitation light in em [49]. The collection efficiency is 
dependent on the solid collection angle of the lens as well as its transmissivity. 
The NA of the lens is 0.25, which corresponds to a relative solid angle of 8% of 
the full sphere. The collection lens is AR coated for the 650-1100 nm. The 
reflectivity at 580 nm is not given. It will be assumed that 90% of the 
fluorescence is transmitted through the collection lens. The quantum efficiency of 
Rhodamine 6G is approximately 95% [103]. The two-photon cross-section is- 4 
x 10-so cm4s/photon at 1064 nm [103]. The dye concentration of 1 x 10-2 mol/Lis 
equivalent to 6 x 1018 molecules/cm3

• For a Gaussian beam profile the second 
order temporal coherence parameter is 0.664 [49]. The index of refraction of 
methanol is approximately 1.3. The incident power of 50 mW is equivalent to 2.7 
x 1017 photons/s. Using these parameters the time average photon flux that is 
transmitted through the collection lens is approximately 2.3 x 109 photons/s. The 
transmissivity of the 1 mm BG39 glass filter (to remove stray excitation light) is 
approximately 70% at 580 nm. Therefore the photon flux impinging on the PMT 
cathode is 1.6 x 109 photons/s. Hamamatsu quotes the R6358 PMT as having a 
quantum efficiency of -12% at 580 nm. Therefore, the number of electrons 
generated at the photocathode is approximately 2 x 108 electrons/s assuming all 
the photons are absorbed by the photocathode. The PMT has a gain of 3.5 x 106 
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with a supply voltage of 1000 V. When measurements were made with the Yb
doped fibre amplifier, the supply voltage was - 600 V. The gain of a 
photomultiplier tube as a function of supply voltage is varies as ~. where k is a 
geometry dependent value of the PMT, expected to be -0.75 (from Hamamatsu) 
and n is the number of dynodes, which in the case of the R6358 is 9. If the gain at 
1000 V is 3.5 x 106

, then at 600 V it should be approximately 1.1 x 105
. 

Therefore, at the PMT anode there should be -2.2 x 10 electrons/s. Assuming 
no losses with the electrical connections and the cables, the current at the voltage 
divider is 3.5 !lA. The resistance of the voltage divider is - 1000 Q, which 
corresponds to an input voltage to the lock-in amplifier of 3.5 m V. This 
corresponds well with the - 20 m V of signal measured with 50 m W of average 
power from the Yb-doped fibre amplifier. 
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